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SPECTROSCOPIC AND MAGNETIC PROPERTIES 0T THE COMPLEXES
OF THE HEME OCTAPEPTIDE FROM CYTOCHROME C
by
Esther Koo Yang
ABSTRACT
Detailed ligand binding effects have been examined in a

- model system of cytochrome c, the N-acetylated ferric heme
octapeptide (N-H8PT) directly isolated from horse heart
cytochrome c; The room temperature absorption and magnetic

circular dichroism (MCD) spectra of the complexes of N-H8PT

3995

imidazole (Im) and CN are found to behave generally as

with various external ligands such as I, H,0, OH , N

predicted from ligand field considerations. These results

are consi

193]

tent with the paramagnetic susceptibility measure-
‘ments. There is a direct correlation between the Soret
absorption band position, B band intensity or the Soret

MCD intensity and susceptibility.

The N-acetylated methionine complex of the N-H8PT,
which shares identical axial coordination as the parent
molecule, however, exhibits thermal equilibrium of spins
between high and low spin states, while cytochrome ¢
exists in the purely low spin state. The presence of
thermal spin equilibrium in the model complex is not due
to incompiete methionine binding nor bis-methionine complex
formation nor carboxyl ligation. Temperature dependence of

paramagnetic susceptibility of the methionine complex yields
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AH® = -7.6 kcal/mole and AS°® = -25.9 e.,u. for a high spin to
low spin transition demonstrating a compensation effect between
the two thermodynamic pérameters, The low temperature ESR
spectrum of the methionine complex indicates a low spin.ground
state with g values at 2.91, 2.31 and 1.51 which are distinct
from the g values of cyﬁochromé c. The axial (A) and rhombic

(V) distortion parameters in the t set of orbitals correspond

2g
to 1200 cm ™t and 780 cmml3 respectively.

From these results, a model is proposed to account for
the uniqueness of the methionine complex: a change in Fe-S

distance may play a role in regulating the redox properties

of cytochrome c.
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CHAPTER T

INTRODUCTION



CHAPTER I

Biological systems in which metal ions are essential
for activity are common. Among them the iron-porphyrin
containing complexes are of special importance because they
are ubiquitous in nature. In addition to that, hemeproteins
are involved in a wide variety of physiological functions
such as oxygen transport and storage, substrate reduction,
oxidation and hydroxylation reactions, and electron transport.
Oxygen transport in most mammals is carried out via reversible
binding of oxygen to reduced hemoglobin molecules, Fe(II),
which ére found in red blood cells. Oxygen storage is the
function of myoglobiﬁ which can release oxygen at lower
partial pressures of oxygen than hemoglobina. Cytochromes are
involved in electron transfer processes., The electron
‘transfer proceeds via changing the redox state of the iron
between ferric (Fe(III)) and ferrous (Fe(II)) forms. The
chemical potential energy gained during the transfer of an
electron from one redox component to another may be used in the
energy transduction process which appears in the form of
oxidative phosphorylation in mitochondria. Cytochromes are
found in»electrcn transport chaing of photosynthesis,
microsomal drug metabolism and many other energy conserving
mechanisms of various micro-organisms (1). One other major
class of hemeproteins are the‘ catalases. They include
oxidases and peroxidases which utilize molecular oxygen or

hydrogen peroxide in their catalytic reactions to oxidize,



"reduce or hydroxylate substrates. Cytochrome ¢ oxidase is
a fine ewxample of this category. It reduces oxygen to a
water molecule while oxidizing the substrate which is cyto-

chrome ¢. An interesting point one can find is that heme-

0

proteins are equipped with the ability to undertake such
éiverse functions even though they share more or less the
game prosthetic group(s) at the active site. In this regard,
detailed understanding of the structural features associated
with each catalytic function seems extremely helpful in
advancing our knowledge of hemeproteins.

The aim of this thesis work is to examine the structure-
function relations in one class of hemepr@téins3 cytochromes.,
Naturally the main question concerns the St?uétural factors
assoclated with the regulation of the redox properties of
éytochromese Is it the intrinsic ability of the heme group?
Is it the manner in which the heme is interacting with the
remainder of the protein molecule? Or how significant is the
specific folding of the protein? It is most likely the
composite effect of many subtle changes. FYor example, even
within the same type of cytochromes, namely type ¢, the
Qbserved_midmpoint potential may vary between -50 mv and
+400 mv (1,2). This suggests that subtle structural
variation at the heme group and its immediate local en-
vironment must be extremely effective in changing the
mid-point potential. For instance, the mid-point potential
is a sensitive function of pH which alters conformation
and effective charge'of the enzyme (3,4)., pH may also

change the nature of the axial ligand(s). In cytochrome c,



chemical modification of the amino acid side chains only in
the deepest part of the heme crevice is known to affect the
redox properties (5). If the structure of the heme chromo-
phore is examined, the central iron ion is hexacoordinated.
Four of the ligands are provided by the pyrrole nitrogens of
a planar porphyrin ring and the remaining two axial ligands,
by the amino acid side chains of the protein in which one

of the axial ligands may be a water molecule. The magnetic
state of the iron which is in large part determined by the
chemical identity of the axial ligands is known to play a
significant role in regulating the redox properties. A
change in the séin state from a low spin (S = 1/2) to high

spin (S = 5/2) state may induce a shift of reduction potential

hy d

by differentially alterin

i 1 1ly ing the importance of the 1w acceptor

power of the ligand which leads to a higher reduction po-
téntial and the electron donor power of the ligand which
gives rise to a lower reduction potential (2). In addition,
model studies show that at least +160 mv shift 1is expected
for the ligand change from histidine to methionine even though
both ligands are of low spin type (6). This is in good
accordance with the fact that most of b type cytochromes,
i.e. bis-imidazole complex, indeed exhibit lower reductién
potential than type c cytochromes as in mitochondria or
photosynthetic apparatus in chloroplasts. Many data on the
effect of axial ligands on redox potential are available, but
more elaborate molecular mechanisms of electron transfer

still remain to be investigated.



My approach is first to characterize as thoroughly as
possible the electronic and magnetic properties of the heme
group through detailed ligand binding studies, and to find
meaningful correlation between the heme group and its
immediate protein environment. Cytéchrome ¢ is particularly
convenient for this purpose since the electronic structure
of the heme group is already known fairly accurately and the
high resolution x-ray analysis (7) as well as the primary
amino acid sequence (8) have been studied. Indeed,
cytochrome ¢ is one of the most widely characterized heme-
proteins. In order to simplify the problem, a model system
is chosen which mimics closely the native heme environment
without having any extensive protein cenformaﬁiona The
médel system is the heme peptide fragment directly isolated
from horse heart cytochrome ¢ which was first isolated
by Tuppy and Pelius in 1955 (9). Descpibed in this Qhaptér
are the physico chemical properties of cytochromes, in particular
cytochrome c. Cha@ter IT includes the theoretical basis for
the techniques applied in the investigation of the electronic
and magnetic properties. In Chapter III, isolation and
characterization of the heme peptides, and their aggregation
properties [as studied by circular dichroism (CD) spectra) are
discussed. Chapter IV describes the optical behavior of the
various complexes of the heme octapeptide with e#ternally
added ligands, which consist of absorption and magnetic
circular dichroism (MCD) spectral properties. Since magnetic

properties are intimately related to electronic structures,



the magnetic methods are powerful means of studying biological
molecules which contain unpaired electrons. In the last
chapter, discussion is focused on the magnetic properties

of iron which are monitored by the two complementary tech-
niques, namely direct measurement of room temperature para-
magnetic susceptibility and sub-zero temperatuﬁe electron

spin resonance (ESR) measuremenfs?

Cytochrome ¢

Cytochrome ¢ is the most widely occurring and thoroughly
characterized of all heme proteins found in cells from

mammals to invertebrates and yeast (1). Cytochrome c was

named and first described in the classical worklof Keilin

(10,11). Cytochromes in general can be classified into

four main groups which are distinguishable by their prosthetic

heme groups as shown in Figure 1.

1. cytochrome a: cytochromes in which the heme group contains
a long formyl side chain (Figure la). The
heme is held into the protein mostly by
non-specific hydrophobic interaction.

. cytochrome b: The heme group is iron protoporphyrin IX,

Pt

protoheme (Figure 1b). Again hydrophobic
interaction is the dominant force between
the heme and protein.

3. cytochrome c¢: The heme group (protoheme) is covalently
linked to the protein via two cystinyl
thioether bridges at the vinyl side chain
sites (Figure lc). Today only thioether

linkages are known.



Figure 1. Taken from R. Lemberg and J. Barrett, "Cytochromes",

Academic Press,; London and New York, 1973,
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4, cytochrome d: The heme group is iron dihydroporphyrin,
chlorin (Figure 1d).

Spectroscopically these hemeproteins may be distinguished by
the position of the o band of the bis-pyridine hemochromogen
[Fe(II)] spectra: 580-590 nm for cytochromes a, 556-558 nm
for cytochromes b, 549-551 nm for cytochromes ¢ and 600-620
nm for cytochromes d. Thisg is due to the tendency to shift
the absorption maxima to longer wavelength by electrophilic
side chains. To extend the specification, some of the newly .
found cytochromes are designated as, for example, cytochrome
b562 (Escherichia coli) where the subséript indicates the o
band position and parenthesis, its source. However, names

such as cytochrome f (type c) or A, (type d) are 50 widely

2
used that they are still in use. And no alternative names

are given to cytochromes o and PWMSD? cytochromes cc' or cf

which are bacterial in origin and represent the heme group

in Wh;ch one of the axial coordinations differs from a

typical cytochrome ¢ (1). These compounds show a more hemoglobin-
like spectrum and react eaéily with external ligands with which
cytochrome ¢ does not react. Cytochrome c oxidase (cyto-

chrome aaa) is regarded as type a even though it also conﬁains

two copper ions. Strictly speaking, cytochrome ¢ has no

clearly definable prosthetic group since the heme is built

into the protein by covalent linkages. With all these

exceptions, one can still classify most cytochromes according

to the heme group. The structure of the protoheme which is

also the prosthetic group of hemoglobin, myoglobin, catalases,
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horse radish peroxidase and cytochrome c peroxidase is well
known and was proven as early as 1926 by Fischer (12) who
succeeded in synthesizing the heme. |

Cytochromes are essential components of cellular
respiration, photosynthesis and anaerobic dark processes
of bacteria such as nitrate reduction and sulfate reduction.
Figure 2 shows the sequence of electron flow in the respiratory
chain components in the inner membrane of mitochondria (13).
NADH collects electrons from many different substrates through
the action of NAD-linked flavoprotein dehydrogenases. Other
respiratory substrates may also be dehydrogenated by flavin-
linked dehydrogenases, such as succinate dehydrogenase and
acyl-CoA dehydrogenase, which fﬁnnel electrons into the

S mnad en o mem s L TTIAN e on e £ o AT 4 wvaw
LJULINONE Vuy/e. L€ 3eguence rIpoi NADH to OXygen

m

is now fairly well established: electrons flow from lower
reduction potential to higher reduction potential which 1is
down hill in free energy change. Apparently, decline in

free energy during the passage of an electron from NADH to
oxygen 1s enough to synthesize several ATP molecules, by

which the energy can be conserved. The three sites (I, II

and III)»in Fig. 2 indicate the site of ATP synthesis. The
role of cytochrome ¢ is to shuttle electrons between cyt$~
chrome ¢ reductase (cytochrome Cl) and cytcchromé c oxidase
(cytochrome aag) at which molecular oxygen is reduced to water.
Cytochrome ¢ is a peripheral protein, and thus is easily
isolable under a mild condition, while all the other cytochrome

components in a respiratory chain are membrane bound. OGreat
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Figure 2. Taken from A.L. Lehninger, "Biochemistry", Worth

Publishers Inc., New York, 1972.
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solubility in concentrated ammonium sulfate solution allows
removal of the more easily precipitated protein impurities.
Because of remarkable stability to drying and heat, cyto-
chrome ¢ was isolated in nearly pure state by Keilin (14)

and Theorell (15) as early as 1935. Cytochrome ¢ is not

éuto oxidizable and does not react with CO (16). The mid—
point reductioﬁ potential of eukaryotic cytochrome ¢ is

+255 mv at pH 7. The molecular weight of cytochrome c¢ from
eukaryotic cells ranges between 12,000 and 13,000, and it
consists of 104 amino acid residues., Figure 3 shows the
diagramatic representation of mammalian cytochrome c obtained
based upon a recent high resolution x-rvay analysis (7).

In Fig. 3a, the amino acid sequence and folding of the protein
are given, which include the site of two thioether bridges. 1In
addition the two axial ligands, histidine 18 and methionine 80
are indicated. The single polypeptide chain of 104 amino acid
residues is wrapped around the heme in two halves; the resgi-
dues 1 to 47 to the right and 48 to 91 to the left of the
heme, which provide the heme crevice with one edge exposed

to the solvent medium. Residues 92 to 104 form an o helix
that rises over the top rear of the molecule. No disulfide
bridges are present. The dark circles represent residues

that are buried in the interior of the molecule while

attached black dots mark residues whose chains pack against
the heme. Arrows from tryptophan 59 and tyrosine 48 to the

buried propionic acid group represent hydrogen bonds. Figure
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Figure 3. Taken from R.E. Dickerson et al., J. Biol. Chem.

246, 1511 (1971).
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3b depicts the region of o helical straps as cylinders. The
numbers in parenthesis indicate residue numbers. The a

helix content is estimated to be 10% as a lower limit from
the polypeptide circular dichroism spectral results. As

can be seen, the heme is enclosed by the hydrophobic residues
which are invariant in many species. This is reasonable since
the hydrophobic residues may play an essential role in pro-
viding the proper heme environment. One of the most distinct
features of cytochrome c¢ is the high lysine content - 19
resiéues are found in horse cytochrome while only 12 acidic
residues are observed. In fact cytochrome ¢ is a basic

protein with an isocelectric point near pH 10 (17). Further-

more, acidic and basic groups are segregated'as patches on the

similarly charged in many species even if the individual
residues may vary. In most globular proteins, the charged
groups that are not directly involved in catalytic sites play
a role in maintaining an optimum pK for the molecule by a
proper balance between acidic and basic groups. " In cyto-
chrome ¢, segregation of charge seems necessary since it has
to interact with several macromolecules like the reductase,
oxidase and membrane itself. Macromolecular binding sités
may be recognized by the distribution of surface charge.

For instance, the basic lysyl side chains are essential for
binding of oxidase. If the lysyl residues are chemically mo-

dified such that its basicity becomes lcSS‘t.3 the electron
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transfer from cytochrome ¢ to oxidase also becomes inhibited (18).
Some conformational change is evident upon reduction and oxi-
dation of cytochrome c. Several evidences include 1) the sixth
ligand exchange with external ligand such as cyanide is easier
in the oxidized state, 2) the reduced protein is less susceptible
fo trypsin hydrolysis, 3) the reduced protein is more stable to
‘heat, and 4) the nuclear magnetic resonance (NMR) spectra are
also different in the two states. All suggest a more compact
structure of the reduced cytochrome ¢ ‘with the heme crevice
closed or blocked. The effects of solvent perturbation,
denaturation by urea, ionic strength and pH indicate that
cytochrome ¢ exists in a number of conformational states that
may best be differentiated by absorption and optical rotatory
dispersion (ORD) or circular dicﬁroism (CD) spectral features
Clg)a For ferricytochrome ¢, between pH 2.8 and 8.5, little
cﬁange in protein conformation is observed. Below pH 2.5, |
the protein unfolds, the methionine ligand is replaced by a
chloride ion if the low pH is achieved by the addition of
hydrochloric acid, and even the imidazole ligand may be
replaced or at least protonated. At this low pH, if the

ionic strength is increased, however, some of the a-helical
content is recovered. Methionine ligand may also be replaced
by lysine with a pK value of 9.3 (20). And in the extreme
alkaline region (pH > 12.5) the denaturation effect appears
similar to the one observed at the low pH. The loss of

methionine l1igand that may be monitored by disappearance of an
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absorption at 695 nm is directly correlated with the loss in
enzymatic activity (21-23). This implies that the methionine
ligand must play an essential part in maintaining a correct
reduction potential of cytochrome ¢, or the electron transfer
actually occurs via the methionine ligand. An interesting
 observation is that cytochrome ¢ contains several aromatic
‘rings which tend to occur in parallel pairs throughout many
different species (Fig. 3a) for example, tryptophan 59 and
tyrosines 67 and 74 to the left and phenylalanine 10 and
tyrosine 97 to the right. The right side leads to histidine
18 and left side to methionine 80 vresidues. These aromatic
side chains are thought to provide chain flexibility (18)

to allow passage of an electron from the surface to the iron

1972 2 19 2 +
g known ag the "Winfield"™ mechanism of clectron

transfer (2u).
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CHAPTER IT

INTRODUCTION

Spectroscopic properties of hemoproteins or iron por-
phyring are much more complex than those of other metallo-
Qorphyrins Owiﬁg to extensive mixing between porphyrin w
and iron drm orbitals. Interpretation of the electronic
spectra of hemoproteins thus requires thorough understanding
of the electronic structure of porphyrin and magnetic pro-
perties of iron. This chapter provides the theoretical
tagis for interpreting the hemoprotein spectra.

The skeletal structure of porphyrin consists of four
pyrrole groups linked by methine bridges into a planar

m

ring structure. The side chain assignment for protopérphyrin
IX, a common prosthetic group in heme proteins, is given in
Fig. 1. The porphyrin macrocycle contains eleven conjugated
Jdouble bonds but only nine of these are required to form a
fully conjugated cyclic polyene (thick trace of Fig. la) (1).
If the two nitrogen atoms involved are regarded as equivalent
to methine groups, this 18-atom, l8-electron ring system
satisfies +the Hickel rule, Un+2, for aromaticity. This
conjugation can not be used as a model for metal porphyrins,
however. The well resolved x-ray structural analysis of
porphyrins to nickel derivatives shows that the lengths of
four C-C bonds from vring I and III {(arrows in Fig. la) are
distinctively longer than in a Correﬁponding aromatic

system (2). Different bond lengths would have %o be intro-

duced, which is not characteristic of having rull aromaticity.
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Figure 1.
a) The "outer'" conjugation path of the métal porphyrin,
It passes through a total four aﬁsﬁpyrroie bonds
{arrows).
b) The "inner" conjugation path of metal porphyrin,
in which only the atoms in contact with the metél

atom are included.
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Porphine: 1,2,3,4,5,6,7,8,,8,7,8 :H

Protoporphyrin IX: 1,3,5,8: methy!
2,4 vinyl

©,7: propionic acid
a,8,7,0 ¢ H
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According to the x-ray results, a more appropriate model
appears to be the one with the inner conjugation system
(thick trace of Fig. 1b) which consists only of atoms in
contact with the central metal ion. In this model, all the
bond lengths are equal and are close to those of aromatie
éompoundse However, from the formal standpoint, this is
not a cyclic polyene: it consists of 16 atoms and 6
double bonds. It is best characterized as the porphyrin
dianion in which the four nitrogen atoms are replaced by
methine groups and two electrons of the metal ion are also
included. The aromaticity of this model, first proposed
by Gouterman, (3?4) is discussed by Corwin, et al (5).

Most hemoproteins contain iron protoporphyrin IX as
the chromophore (the sidechain assignment is shown in Fig.
1). Addition of aromatic sidechains such as vinyl groups
affects the electronic structure of porphyrin due to their
electron donating nature. In cytochromes of type ¢, these
vinyl side chains are broken because the heme is thioether
- bonded to the protein at the two vinyl sites (6). The
central iron ion in hemoproteins is hexacoordinated; four
ligands are provided by the nitrogens of pyrrole groups and
the two éxial ligands may come from protein amino acid side
chains, or one may be a small molecule like water. In
cytochromes, the axial ligands are théught to play a signi-
ficant physiological role in electron transport. The chemical

nature of the axial ligands controls the spin state of iron
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which reflects magnetic properties of the unfilled outer
shell d orbital electrons. The iron atom may exist in high,
intermediate or low spin ground state in either redox state
depending on the net effective ligand field environment.

At room temperature where the protein is physiologically
éctiveg however3 a large number of hemoprotein derivatives
‘exhibit thermal equilibrium between high and low spin states.
In iron porphyrins, the effective ligand field stréngth
within the heme plane is much stronger than that out of the
plane (7). The x-ray structural analysis shows that the
iron-to-ligand bond length is typically shorter within the
heme plane thanoin the axial divection (2). Thus the axial
ligands seem té provide a fine control for obtaining thermal
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of spins is thought to play a role in regulating the function
of hemoproteins (8). The physical @rigin of this phenomenon
is discussed on the basis of 1igaﬁd field theory. Complexes
involving the intermediate spin ground state or quantum-
mixed-spin ground state are much less well characterized. In
contrast to thermal mixture of spin states in which protein
molecules exist in two magnetically distinguishable pure

spin states, a protein molecule having a quantum admixture

of spin states corresponds to a single magnetic species with
magnetic properties distinct from either pure spin states.

In one class of hemoproteins, i.e. bacterial cytochromes c',
the ground spin state has been claimed by Meltempo, et al

(9,10) to be the quantum-mixed state between Ligh

L0 nd

u
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intermediate spin states. Magnetic properties of iron may
be monitored by the direct measurement of paramagnetic
susceptibility or by the low temperature electron spin
regonance (ESR). Both techniques meagﬁre the Zeeman effect
of the degenerate states of 1lron in the applied magnetic
field. The theorvetical basis for the two methods is dis-
cussed in detail. Magnetic circular dichroism also measures
the Zeeman splitting of the degenerate states of iron in the
applied magnetic field but the virtue of this technique

is its association with the electronic transitions of por-
phyrin. Because there is extensive mixing between iron dw
and porphyrin 7 orbitals, the singlet ground state of por-

phyrin reflects the spin degenerate ground state of iron.

D

c e ) .
This leads to the paramagnetic MCD effect due te the thermal

¢

distribution of spins according to Boltzmann factors among
the épin multiplets of the ground state. Current views on
the Qrigiﬁ of Soret MCD of ferric hemoproteins are discussed.
ABSORPTION SPECTRA OF HEMQPROTEINS

A Electronic Structure of Porphyrins

Ere@ Electron Model

The electronic spectrum of porphyrin can be successfully
explained by a simple model in which all 18 7 electrons ére
treated as being free to circulate in a ring (Fig. la) (11).
In this model, each electron is given orbital angular momentum

that can be attributed to circulation about the porphyrin ring.
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Because circulating to the left or to the right are equal in
energy in the absence of magnetic and electric fields, this
leads to a simple energy level diagram shown in Fig. 2, where
the energy levels are labeled by their angular momentum, £.
The ground state has a closed shell with no net angular
ﬁomentume Two doubly degenerate singlet electronic transi-
~tions are possible as indicated by the arrows with a
resultant angular momentum of * 1 if the transition takes
place between energy levels haVing the corresponding quantum
numbers with the same sign, or # 9 if the sign changes. The
former transition is "allowed" according to Hund's rule
while the latter is "forbidden". Hund's rule also indicates
that for a given muliiplicitys the lowest enefgy states have
the greatest angular momentum: the model predicts an intense
iransition at high energy and a weak transition at lower
eﬁergy which correspond to Soret and visible absorption .
bands, respectively.

Four Orbital Model

More quantitative interpretation of the electronic
spectrum oprcrphyrin can be obtained using a four orbital
model proposed by Gouterman (4). The model considers ex;iw
tations only from the two highest filled orbitals to the
tﬁo lowest empty orbitals. The molecular orbitals are cal-
culated under the D4h point group using the extended Huckel
model in which all valence orbitals of each atom involved.

in a l6-membered ring shown in Fig. 1b are included.
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(For metalloporphyrins, the 3d, 4s and Up orbitals of a metal
ion are also included in MO calculation.) The resultant
symmetry assignments for the highest filled orbitals in

Dyp are Ay

are shown in Fig. 3. The Alu and A

and AQu and for the lowest empty orbitals, e
oy orbitals are nearly
degenerate in energy which allows two doubly dégenerate
electronic excitations of nearly same energy and of same
symmetry , Eu (the arrvows in Fig. 3). ThiS leads to strong
configuration interaction and results in two new doubly
degenerate transitions which arise.frem,addition or sub-
traction of the transition dipoles. The model predicts a

very intense absorption band at high energy, the Soret.band5

and a weak band at low energy, Q band., Two bands appear in
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on the high energy side of the 0-0 ﬁ?ansition (QOEO) becomés
active. QOwO anvagwl are commonly referred to as o and B
bands, respectively.

fhe free electron model 1s incapable of including metal
ions except as small perturbations, because it deals with 7
electrons of the porphyrin only. On the other hand, the
four beitalymodel can accomodate valence orbitals of metal
ions in the bases set atomic orbitals and thus is capable.of
predicting the extent of d orbital mixing into porphyrin w
orbitals. In most cases, the energies of porphyrin w

orbitals have been shown to be well separated from those of
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Figure 3. Electronic transitions in a four orbital model.,
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the d orbitals such that little mixing occurs. However,
iron and manganese porphyrins are exceptions. There is
extensive mixing between iron dn and porphyrin m orbitals

of these metalloporphyrins, which complicates interpretation
of the absorption spectra. The success of Gouterman's model
is in its ébility to predict both the position and intensity
of the absorption bands in metalloporphyrins.

3

o 5 . 4
B. Ligand Field Theory of a d° System (Fe °)

The ligand field theory is essentially the refinement of
~the crystal field theory. In the crystal field model9 the
influence of ligand atoms on the central ion for a given
coordinate cluster is treated as being purely electrostatic
(12,13). The crystal field strength does not depend on the
nature or positions of the ligand atoms associated with the
metal ion but only on the effect of interaction potentials

on the electrons of the central ion. By contrast, the ligand
field theory covers all aspects of the manner in which a

metal ion is influenced by its nearest-neighbor atoms,

including the strength of the metal-ligand bond, stereochemistry
and coordination number. In practice, however, the ligand field
theory is of little use unless certain approximations are made.
The progression from treating the ligand atoms as point charges
through point dipoles to a simple molecular orbital model still
leaves the quantitative calculation of the ligand field effect
unsatisfactory. Thus, the ligand field effects will be ex-
plained from the crystal field approach. TFor example, whether
or not all the ligands are identical, we use the term "octa-

hedral”™ to refer to a coordination cluster in which six



35

ligands are located at the vertices of a regular octahedron.
Transition metal complexes possess unfilled outer
shell 3d orbital electrons which constitute the basis for
their observed spectral and magnetic properties. In Fig. 4
is shown a single electron d orbital energy diagram in |
different crystal field environments. In the free ion case,
the five'd orbitals are degenerate in energy. When the
metal atom is placed in an octahedral coordination sphere, Oh3
where the crystal field strength is eqﬁivalent in each

direction (x, y and z), the five-fold degenerate d orbitals

“are gplit into two levels: t and e states. The t set
P 2g g 2g
includes d. ., d and d orbitals and the e set contains
Xy XZ vz g
dx2@y2 and d_,. The latter lies higher in energy because

the orbitals pointing in the direction of the ligands ex-
perience greater electron repulsion. Typically the energy
separation between the two levels corresponds to about 10,000
'cmml which is commonly referréd to as the crygtal field energy,

A (12). As the Oh symmetry is lowered to D in which the

4h?
axial crystal field is different from the in-plane field,

the d orbitals are split further into four levels. In

the case of hemoproteins where the axial field is much

weaker than that in-plane (tetragonal), dzz lies lower than
dxzayQ while dxz and dyz lie higher than dxys as illustrated
in Fig. 4. When the th symmetry is even further reduced to
Dzﬁg where- inequivalency in x and y directions is induced due
to rhombic distortion, the degenerate eg state (dxz and dyz)

is split.
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Figure 4. Single electron d orbital energy levels in

different ligand fields.
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Ferric ion (Feg+) has five d orbital valence electrons,
d53 which may exist in different spin states depending on
the crystal field strength. Figure 5 (top figure) shows the
energy.correlation diagram between weak and strong crystal
field limits for d5 in Oh symmetry (12). Weak crystal field
environment refers to a situation where the electron repul-
sion (or pairing) energy exceeds the cfystai field energy.
In such a case the ground state will have the highest spin
multiplicity, following Hund's rule. In other words, the
maximum number of unpaired electréns is achieved; i.e.,
the total spin is S = 5/2, which is called the high spin
state. Because each orbital contains one electron, there

will be no net orbital angular momentum; thus, the ground
6

statc haos Alg symmetry in Ohe In the strong crystal
field limit, the electron repulsion energy is overcome

by the large crystal field énergy, The electrons are

now forced to pair up leaving only a single unpaired
electron in the ground state. It is evident then, that
the total spin becomes S = 1/2, which is called the low
spin state, and the ground state symmetry corresponds to
Znga Most hemoproteins exist in either a high or low
spin ground state, but a significant number of hemoprotein
derivatives exhibit thermal spin equilibrium between high

and low spin states near room temperature (1l4). Such a

phenomenon can occur when the net effective ligand field
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Figure 5. Top: Energy Corvrelation Diagram for dS in Oh

and Td*e Bottom: Tanabe-Sugano Diagram for ds in Oh*a
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strength lies near the high and 1ow spin crossover point.
The bottom part of Fig. 5 is a Tanabe-Sugano diagram which
describes the relation between the energies of states
and the crystal field strength more quantitatively than
does the top figure (12). Dg corresponds to the crystal
crystal field splitting (A = 10 Dg) and B, to the Racah
electron repulsion parameter. In this figure it is clear
that in the intermediate field range where the high and
low spin states cross each other, the lowest excited state
above the high spin ground state isAthe low spin state and
vice versa. Thus, the only requirement for obtaining
thermal spin equilibrium is to have the energy éeparation
between the ground and excited states in the order of kT
near yreoom tem
The intermediate spin state (S = 3/2) or the quantum
mechanically admixéd spin states in“which the wavefunction
is a true combination between S = 5/2 and S = 3/2 or
S = 3/2 and § = 1/2, are much less well known. They have
only rarely been invoked as a possible explanation for some
atypical hemoprotein magnetic phenomena. The stability of
the S = 3/2 ground state is still questionable. Griffith (15)
proposed in his simple model that the relative energy le&els
of the 8§ = 3/2 and S = 5/2 states depend entirely on the

energy level of the dxz o> antibonding orbital in the heme

ay
plane. The model suggests that, if bringing one electron

down from dxzayz becomes energetically favorable, then
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bringing another electron down from dzz is even more
energetically favorable. In other words, the § = 1/2 state
is always more stable than the S = 3/2 state. - Recently,
however, Meltempo and Moss (10) have criticized Griffith's
argument and claimed that the stable intermediate spin

ground state is obtainable if the variable iron position with
respect to the heme plane is considered. They suggest that

the energy levels of d2_,2 and dzz are not necegsarily inde-

y
pendent of each other, while Griffith assumes tﬁat changing
axial ligands would not have any éffect on the energy level
of dxzmy2° In view of the x-ray results, Meltempo and Moss's
model for the high, intermediate and low spin ehergy levels
for single-electron d orbitals corresponds to the diagram
shown in Figure 6. The x-ray analysis of ferrimyoglobin,
which is in the high spin state in its native form, and of
the ferrimy@gl@bin%cyanide derivati§63 which is in the low
spin state, have shown that in the high spin state the iron
is displaced out of the heme plane toward the proximal
histidine ligand by about 0.4 gs while it is in the plane

in the low spin state. Thus, the position of the inter-
mediate spin iron is proposed to be in between the high and
low spin positions. Quantum mechanical mixing of spin sﬁates
occurs via spin-orbit interaction, in which case the selec-
tion rule AS=0,+#1 must be satisfied first. This indicates
that between S = 1/2 and S = 5/2, there will be no first

order mixing of the wavefunctions. In other words, no
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Figure 6. Correlation between the spin state and the
position of iron atom. The low spin iron is in the
plane, the high spin iron 1s out of the plane and the

intermediate spin iron is in between the two positions.
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quantum mechanical mixing is expected to occur between those
two spin states. An additional requirement for obtaining
quantum mechanical mixing of spin states is to have the
energy separation between the unpérturbed pure spin states
in the order of the spin orbit coupling constant, which is
about 400 cm™ ' in ferric heme complexes.

C. Absorption Spectra of Hemoproteins

The absorption spectra of ferric hemoproteins are complex
to interpret because many overlapping bands appear in the
visible region due to extensive iﬁteraction between iron dm
and porphyrin 7 orbitals. Figure 7 shows the molecular energy
diagram of a typical high spin hemoprotein whosé absorption
spectrum is even more complex than the low spin form. For

T 4 el S =]

v 4 el
da Ailgan 8pin ngme, 1 n to the S

P I e o S o
alulas Ll e L iy

oret and visible tran-
sitions5 several charge transfer (CT) transitions are
possible in the viéible region. Although the exact assign-
ment of these transitions is not known with certainty, it is
genefally thought that there are two allowed CT transitions
of Eu Symmétry resulting from porphyrin 7 to dmn excitation,
as indicatéd by the arrows in Fig. 7. The particular por-
phyrin 7 orbitals involved are also not known with certainty,
but they are most likely the same porphyrin 7 orbitals

that are involved in the w-1%® transition: Alu and Azue
Consistent with the polarized crystal spectra of myoglobin,
which exists mostly in the high spin state, the two CT

transitions are in-plane (xy) polarized (16). Because the
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Figure 7. Electronic transitions of ferric iron porphyrin

in weak crystal field.
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CT excitations show identical symmetry and are sufficiently
close in energy to the visible band (QDmG)s they can mix

via configuration interaction. As a result, the CT bands bor-
row intensity from the visible band. Their position and
intensity are thus strongly dependent on the nature of the
axial ligands, which determines the relative energy separation
between porphyrin and iron m orbitals. Another allowed CT
transition in the wvisible region is from the porphyrin AZu
orbital to the iron d 2 orbital. The excited state of this
transition is of AZu symmetry and is -z polarized. Its
intensity, however, is expected to be réther Small3 because
there is no other z-polarized transition from which it can
borrow intensity. It is probably buried underneatﬁ the
strong porphyrin bands. A typical high spin absorption
spectrum consists of four in-plane polarized transitions

in the visible region invaddition to the Soret transition.
The two in the middle are not well resolved but they
correspond to Q,_g (a) and Q-1 (B) bands while the two on
the high and low energy side of the Q band region are the
mixed in-plane CT transitions. In the low spin case, the

d orbital energy levels relative to the porphyrin m orbitals
are such that the CT bands are not close in energy to the
porphyrin w+7% bands. The xy-polarized CT transitions of E,

symmetry like the ones in high spin hemes fall in the infrared

(IR) region. This indicates that there will be little or no
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configuration interaction and, as a consequence, the a and

B bands should remain strong and well resolved. Sometimes,
a weak z-polarized transition appears in the near IR region
between 620 and 700 nm of low spin heme complexes such as
cytochrome ¢, myoglobin-azide and hemoglobin-azide. In the
case of cytochrome ¢, the band at 695 nm is bélieved to be a
charge transfer transition from the axial ligand (sulfur

or methionine) to iron (17,18). However, an alternative
explanation that it can also be a CT transition from the

porphyrin A, to the iron dzz is given for the azide com-

24
plexes.
According to Meltempoand Moss, (10) the infermediate
spin hemoprotein should give rise to more or less the same
gspectral character s as the high spin complex. As
shown in Fig. 6, the energy level of dm orbitals does not
change when the spin state changes from S = 5/2 to S = 3/2.
This suggests that the CT transitions should occur at
neariy the same energy as in the high spin case. The extent
of configuration interaction, however, is expected to-be
slightly different. The relative energy levels of porphyrin
1 orbitals are different in the two spin states due to
different degrees of doming of the heme plane. In other
words, the optical spectra are not capable of distinguishing

the intermediate or quantum mechanically admixed spin state

between S = 5/2 and S = 3/2 from the pure high spin state.
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It is worth noting that in Gouterman's (19) model for high
spin hemes, the iron displacement out of the heme plane is

a requirement, consistent with the x-ray results. According
to his model, low or intermediate spin states should occur
with the iron position in the heme plane. This, however,
does not agree with Meltempo and Moss's model for the
intermediate spin state where the iron lies between the high
and low spin positions.

Magnetic Circular Dichroism of Hemoproteins

A, Introduction to MCD

Magnetically induced optical activity arises from the
well known Faraéay effect, where the electronic transitions
between the levels split by the applied magnetic field are
pfeferentiully allowed by the left or right circularly
polarized light. In contrast to natural optical activity in
which the presence of molecular dissymmetry is a requirements
magnetically induced optical activity is present in all sub-
stances placed in a properly oriented magnetic field (20-22).
Analogous to natural circular dichroism. (CD), and optical
rotatory dispersion (ORD), magnetic circular dichroism (MCD)
measures the difference of the extinction coefficients for
left (LCP) and right (RCP) circularly polarized light, i;ee

€ =Eps while magnetic optical rotatory dispersion (MORD)

L

measures the rotation of the plane polarized light in terms

of the difference in refractive indices, i.e. Ny ~Npe This

chapter will focus on the application of MCD since it is much

better characterized and more convenient to msasure ewperimentally

than MORD.
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The theory of MCD has evolved through a joint effort of
several workers. The most rigorous treatment is given by
Stephens (23). His approach introduces the magnetic field
perturbations explicitly to the conventional semiclassical
theory of the electric-dipole approximations. The theory
is successful in including the zero field splitting induced
by spin-orbit coupling and/or by vibronic interactions
(Jahn-Teller effect). The electric-dipole approximations
which are developed by Buckingham and Stephensv(zo) are
essentially extensions of the classical theory of optical
activity for transparent regions into absorption regions.
The expression for magnetic optical activity ma& be given

in terms of three experimentally distinguishable band

components; A, B and C term efifects.
(ngeR) o [flA + fZCB + C/kT)] (1)
where fl and fz are line shape functions. The effect of

magnetic field is to split all of the degenerate levels into

J

corresponds to the angular momentum in the direction of the

equally spaced Zeeman components with EMJ :_gBHMjs'where M

applied field specified by J, the total angular momentum of
a moleculey H is the intensity of the field; B, the Bohr
magneton and g, the "spectroscopic" splitting factor. If
spin-orbit interaction is neglected, g corresponds to 1 for

a singlet-singlet electronic transition. Figures 8 and 9
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illustrate the fl and fz spectral band shapes mentioned
above (Eq. 1). 1In Fig. 8a, the energy level diagram shows
the case in which the ground state is orbitally and spin
non-degenerate (J=0) while the excited state is orbitally
degenerate (J=1). J=1 state will be split by the magnetic
field into MJ:O and 1. A very important physical pheno-
menon is-that circularly polarized light has a well defined

z component of angular momentum: MJ:+1 and M.,=-1 may be

J
specifically associated with the left and right circularly
polarized light, respectively. Thus the selection rule
indicates that the transitions to MJ:+1 and M&%QL are allowed
only in LCP and-RCP light, respectively. In the applied
magneéic field, the absorption spectra for RCP and LCP light
will be shifted from the absorption maximum in the absence of
the field by -gBH and +gBH, respectively. The Zeeman split-
ting is, in general, much smaller than the absorption band
lwidthg thus, the absorption spectrum does not usually exhibit
an observable splitting. But the resﬁlfant MCD band shape
resembles the first defivative of the absorption band, as
shown in Fig. 8b. The magnitude of peak-to-trough

splitting will depend on the magnetic field strength and the
angular momentum of the excited state. Figure 9a shows the
reverse situation where the ground state is degenerate and

is specified by J=1. When the ground state is degenerate,
the dominant effect arises from thermal distribution of

molecules among the Zeeman sublevels. Since the selection

rule indicates that the high energy transition from MJiwl
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Figure 8. Magnetic circular dichroism where the excited
state is orbitally degenerate and the ground state is

non-degenerate.
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Figure 9. Magnetic circular dichroism where the ground

state is degenerate and the excited state is non-
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to J=0 is associated with the LCP light and since MJ:ﬁl

state is more populated than M_=+1 state by a Boltzmann

J
factor, the absorption band for the LCP light will be more
intense and lie higher in energy than that for the RCP

light. The resultant MCD band shape will be a skewed

positive absorption (Fig. 9b). The first derivative MCD

band shape (fl)3 more commonly referred to as an A term,

can arise from either the degenerate ground or the excited
state. However, in the degenerate ground state, the A

term effect is rarely emphasized due to population differences
and transition probability differences among the sub-levels.
The absorption MCD band shape (f,), is the result of B and C
term effectsg A B term describes the mixing between the
states induced by the magnetic field, while a C term reflects
degeneracy of the ground state. The latter can be easily
differentiated from the former by temperature dependent MCD

measurements.

B. MCD Spectra of Ferric Hemoproteinﬁ

MCD offers much pfomise for assigning the electronic
structure of the heme group, because the technique is
intrinsically sensitive to distinguishing the redox and spin
state changes of iron, independently of each other. Porphyrin
alone or low spin ferrous hemochrome yields an MCD spectrum
that consists predominantly of A term effects and some B
term effects (24). In both the Soret and visible electronic
transitions the excited state configuration corresponds to the
S A

doubly degenerate Eu‘state (A +eg} while the ground state

Ju’ 2u
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is orbitally non-degenerate. This means that only the excited
state is split by the external magnetic field giving rise to
the first derivative band shape A term dispersion (Fig. 8).
As in absovrption spectra, however, insertion of an iron

into porphyrin induces additional MCD spectral bands. The
paramagnetic nature of iron becomes reflected in the m-»u¥
electronic transitions of porphyrin. Spin-orbit interaction
arising from the delocalization of iron d orbital electrons
to porphyrin 7 orbitals is thought to be the major mechanism
by which the paramagnetism of iron is manifested in the MCD
spectra (25). Figures 10 and 11 illustrate schematically the
origin of Soret MCD for the low spin and high spin states

of ferric iron porphyrins, respectively (25,26). The
electronic configurations of the ground and excited states
éfe described as a composite of the porphyrin 7 and iron

dS systems. In the low spin case the ground state corresponds

L2 2 2 .2 .3 : :
to Eg[(Alu AZu) (ng eg)] while the excited state corresponds
2 3

2 1
- eg) (bzgoeg)lo The parentheses on the left

indicate the configuration of the porphyrin part and on the

2. 1
to £u[(Alu A

right, that of the iron in D, symmetry. In low spin hemo-
proteins such as cytochrome ¢, however, the ground state is
actually orbitally non-degenerate. The reason is because

the lowest three d orbitals of iron, i.e. ng and e, (Fig. 4),
are mixed by spin-orbit coupling which removes the degeneracy
of eg orbitals of iron. As a consequence the ground state

is described as a product wavefunction betwesan the pornhyrin 7

system and the lowest Kramers doublet of the low spin iron.
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Figure 10. Molecular energy diagram in the presence of spin-
orbit coupling and magnetic field interaction, and
corresponding magnetic circular dichroism of low spin

heme for the Soret region.
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Molecular Energy Diagram for Low Spin Heme
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Figure 11. Molecular energy diagram in the presence of
spin~orbit coupling and magnetic field interaction,
and corresponding magnetic circular dichroism of high

spin heme for the Soret region.
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In Fig. 10 the ground state wavefunction is represented as
|+> where * indicates a Kramers doublet. The excited state
wavefunction is given by IL§> where LZ is the excited state
orbital moment of the Soret transition, i.e. *1. Spin-orbit
interaction between the spin magnetic moment of iron and the
orbital motion of porphyrin m electrons splits the excited
-state into two doublet states. For iron porphyrin complexes
this zero-field splitting is found to be much greatér than
the Zeeman splitting. In addition the sign of the spin-orbit
coupling constant is known to be negative for S = 1/2 which
suggests that the lowest energy component of a multiplet
corresponds to the parallél orientation of fhe orbital and
spin moments. Thus ](il)i>'is a degenerate state in which the
orbital angular momentum induced upon excitation is in the
directi@n of the resultant momentum of spin-orbit coupling

aﬁ the iron, and I(il)$> is a degenerate state in which the
orbital angular momentum is counter to the iron angular
momentum. Fach degenerate state exhibits a Zeemanasplitting
in the applied magnetic field. The arrows with + and -

signs indicate transitions associated with the left and right
circularly polarized light, respectively, according to the
selection rule. From this, the appearance of paramagnetic C
term effects of opposite sign can be easily understood, as
shown in the lower portion of Fig. 10. The transitions from
the |~> state which is more populated by a Boltzmann factor,
exp(mZgBHSZ/kT), are shown with greater Iintensity. At

reduced temperatures, the Soret MCD intensity is expected to
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increase as a function of 1/T if the intensity is assumed
to be directly proportional to the population difference.
When spin-orbit coupling is neglected, however, this C term
effect disappears and only the A term remains, because + and
-~ absorptions mostly cancel each other. The low_spin hemo-
ér@tein complexes exhibit Soret MCD spectra as predicted
from the. simple stick diagram shown in Fig. 10. Sometimes
additional MCD features appear on the high energy side of
the Soret transition which introduces asymmetry to the fivrst
derivative band shape. This is most likely due to B term
effects arising‘from the vibronic side bands.

The high spin hemoproteins exhibit very weak MCD.
Although no quantitative treatment has been given in the
1iteratures the stick diagram illustrated in Fig. 11 may
account for the origin of weak MCD at least semi-quantitatively.
The symmetry assignment of the ground state is SAlgE(Aiqugu
%g°e§°A%g°big)j and the excited state is ° §u°é§)f
1 2 A1 1

28 @g°Algeb1g)3° It 1s clear that the first order sp;nmorblt

interaction will not split the ground state degeneracy, because

)
(b E [(Al *A
* u lu

(b

there is no orbital moment but the spin moment. The excited
state on the other hand will be split into six doublet states.
The corresponding wavefunctions are given in Fig. 11 assuming
that the spin-orbit coupling constant (A) is still negative.
If A were positive, the lowest energy component within the

multiplet would be the one with [(il)+5/2>e

As shown in the
lower portion of Fig. 11 MCD of the high spin heme consists

of twelve individual lines. The shape of the spectrum will
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depend largely on the extent of spin-orbit interaction which
determines the spacing between the individual lines and on the
sign of the spin-orbit coupling constant. In iron porphyrin
complexes, two mechanisms of spin-orbit coupling are.believed
to contribute to the splitting of degenerate states. The
first mechanism describes the appearance of the non-zero spin
‘density of iron on the porphyrin orbitals with non-zero orbi-
tal moment. This leads to the normal splitting with X > 03
the lowest energy component corresponds to the anti-parallel
arrangement of the orbital and spin magnetic moments. The
second mechanism is one in which the spin magnetic moment of
iron interacts with the orbital motion of porphyrin w
electrons. For this type of interaction A is.negative, The

o = S
S

wmey 1l e a e T
L odpll o

depend on which
of the above two mechanisms happens to be dominant. In the
high spin case it is difficult to determine whether A is.
positive or negative, because the observed MCD is very weak
and the bands are superimposed. The stick diagram shown in
Fig. 11 illustrates that the MCD spectrum will consist of
weak C terms on the high and low energy ends. Most of the
MCD effect will be cancelled out, since the intensity of

the + and - absorptions is about the same.

Magnetic Susceptibility

Magnetic susceptibility measures magnetic induction in
a substance when it is placed in a magnetic field; i.e., it

represents the bulk magnetic property of a molecule (27).
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Magnetic induction, B, is simply defined as the sum of the

applied field and the induced field, such that
B = H + AH

If the molecule is isotropic the magnetic induction is given

by
B = H + 4nl

where I is the intensity of magnetization. The volume

susceptibility, k, is then related to I by
Kk = I/H

In general, the mass susceptibility, Xg o is used, which is
given by

= k/p-
Xg p

where p is the density of the substance. The molar suscepti-

bility, Xy o is then

Xy = XM

where M is the molecular weight.
A measured magnetic susceptibility contains contributions
from both molecular paramagnetism and diamagnetism. All
molecules exhibit diamagnetism which arises from orbital
motion of paired electrons in the applied field. 1In such a

case the induced magnetic dipoles 1ie antiparallel to the
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direction of the magnetic field so that the intensity of
magnetization is negative and consequently Xg is negative.
Diamagnetic susceptibilities of atoms in molecules are
additive within reasonable limits. This is a very useful
quality in determining the diamagnetic susceptibilities of
iigand atoms and counter-ions in transition metal complexes.
The diamagnetic susceptibility expression for a molecule may
be written as

dia

qul4

= L n.y. + % e
5 lxl

where . indicaﬁes the number of atoms of a given element

in the molecule, X5 o atomic susceptibility of the element and
£, constitutive corrections such as the existénce of 7 bonds.
Because the additivity of X; was establashed by Pascal, xi

is commonly referred to as Pascal's constant. .Molecular
péramagnetism is a consequence of the interaction of orbital-
and/or spin-angular momenta of unpaired electrons with the

applied field. The observed paramagnetic susceptibility

defines the effective magnetic moment, Mopps as
W2 3T
eff N62 "M

where B 1s the Bohr magneton (f = eh/Ummec = 0.927 x 10a27
erg gauSsm% N, Avogadro's number; k, Boltzmann's constant
and T, temperature. If Herf is temperature independent, ¥
is inversely proportional to temperature, which is known as

Curie's Law, ¥ = ¢/T where ¢ is the Curie constant. So far,

only magnetically dilute and isotropic molecules have been
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considered. However, even single crystals, except those
belonging to the cubic class, are magnetically anisotropicy
thus, the susceptibility must be described by three orthogonal
principal crystal susceptibilities. For solution samples

then the observed susceptibility is the average susceptibility:

+
= XX ) Xy ¥ XZ
X Y ,
2 2 2
u - EMX * Qy * u231/2
eff 3

The bulk magnetic interaction of a substance may be
described as arising from. changes in the energy levels of an
ensemble of atoms when it is subjected to a magnetic field.

A quantum mechanical treatment seeks to find new energy levels
of individual atoms in the magnetic field and to derive the
susceptibility expreésion from the thermal distribution of N
atoms among all possible states, according to Boltzmann |
statistics. The derivation of a general equation for such a
system is due to H.J. Van Vleck. Thus, it is generally
referred to as Van Vleck's equation (28). There are two
important assumptions made in his derivation; (1) the

system is magnetically isolated so that no magnetic interaction
between atoms has been considered, and (2) the energy of the
ith level of the atom in the magnetic field may be expressed
as a power series., This means that the energy of the ith
level of the atom is given by

. = ng) + wgl)H + wg
1 1 1 1
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(03

where w, is the energy of the ith level in the absence of
N eo 4 . 1y (2) . .

the field and op and w, are the first and second order
Zeeman coefficients vespectively. The intensity of magne-
tization may then be pelated to Tthe rate of change of energy

IR
R S € EEPN  b
i aH et g e

and its susceptibility, x.., to

/

X. = I,/H
. /‘\;-L ;L/

The first assumpltion implies that there will be no field
dependence of the susceptibility which indicates that the
tgrmg beyond the second order Zeeman effect must be
neglected. This simplifies the expression Tto a great extent.

For an ensemble of N atoms, ¥, will be the sum of individual

M
intensity of magnetization multiplied by the Boltzmann

o o o

factor divided by the field:

, o . {1y e ..

The first order term, w§ , represents the magnetic field
perturbation of a degenerate level i which leads to splitting
of the level into a set of equally spaced components

(2 . )
m‘i>g arises from

-~

1]
o
"C‘»
“’5
("J
-

o
-

&.—{p

by gBH. The second order term

3

N

mixing of the non-degenerate Jlevels by the magnetic field.

ower or raise the levels invelved in

-
48]

N
oT
¢}
.

o~

The net effect
b

mixing without any cnanges in degeneracy. w, " 1s typically
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in the order of a few cmalg that is, much smaller than kT

except at very low temperatures. This further simplifies

the Van Vleck eqguation. Since exp(mwi/kT) = exp(»wgo)/kT)
x [C-Heul P aemy e a-n?ew (P LT,
N Z[(wgl))z/kT - 2w§2)3 @xp(ww§0)/kT)
: i i i
Xy =

X exp(mwgo)/kT)
i

The Zeeman coefficients are related to the wavefunctions by
the magnetic dipole operator. In classical electrodynamics
the magnetic dipole moment is given by the sum of orbital and
spin moments. Likewise the magnetic dipole operator may be
given by

w, = (L, + 28 )8

2

where the direction of quantization is in z. Then,

. . 2
) g‘<¢i[LZ+QsZ§¢j>e<wj)Lz+zszl¢i>g
i T A ACO N R
W . = W,

L J
Ferric hemeproteins and their derivatives exhibit spin

degenerate ground states; therefore, the first order term

is expected to dominate ths susceptibility. If we neglect

the second order effect and assume wéO): 0, then the suscep-

tibility may simply be given by
(1))2

N I (w, /xT
. 1

1

Xy ~ ,
Mooy exp(vwgg)/kT)

1
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Furthermore, if the wavefunctions are specified by the

orbital and spin angular momentum quantum numbers in the

et e N : (1) _
magnetic field, ML and MS§ then each ws = (ML+MS)B9
which yields
i 2
LL+2817 + ooveenns +[-L+28]"
L42(5-1)1% & L. +[-L42(8-1)17
Lo Ng?
Ky = KFQILF (ST
S142(-8) 10 + ..l [-14+2(-5) 12

- bBvaluation of this gives (27)

2

Xy = Al [LOL1) + #8(S+1)]

The effective magnetic mowment, which is an empirical para-
. . . . : 2 1/2

meter, is then directly related to [L(L+1) + 4S(S+1)] .

Thus far L and 8 are treated independently of each other.

‘In the presence of spin-orbit interaction; however, L and

5 are not good quantum numbers anymore. Thus a new quantum

numbeyr J must be introduced which is a vector sum of L and

S. J is not colinear with the magnetic dipole operator; an

s 4 @

and g is defined as

s o= 3, 8(8¥1) - L(L+1)

2 C2JIFDY
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In transition metal complexes, the d orbital degeneracy
which accounts for the orbital moment is usually removed by
crystal field interaction., This leads to quenching of the
orbital moment. In such a case it is a common practice to
regard the observed magnetic moment as arising from the

spin moment only:

_ 1/2
Hopg = 2[s(s+1)]

The number of unpaired electrons at the paramagnetic center
can then be evaluated. The ground state symmetry of iron in

high spin hemeproteins is.sA
b

» and the first excited state,
1

lg

Azgs which lies about 2000 - 3000 cm

state is not thermally accessible. The observed Ueff is

above the ground

indeed wvery close to the spin only value. The low spin

ground state symmetry is assigned tg zEg which suggests thét
even 1f spin-orbit interaction removes the orbital degeneracy,
there will be a residual of the orbital moment via "mixing in"
of tﬁe low lying orbitally degenerate excited states. In

fact the low spin magnetic moment is close to V5 rather than
the spin only value of /3.. If there exist thermally accessible
degenerate excited states in addition to the degenerate

ground state, then the second order effect can not be neélected,
In this case no simplification of Van Vleck's equation is
possible, and we may expect a complicated temperature-dependent

susceptibility. A deviation from the Curie law will lead to

the observation of a temperature-dependent magnetic moment.



73

Careful application of Van Vleck's equation to temperature
dependence of the susceptibility will thus assign the ground
state symmetry and provide information about the excited
states as well.

Electron Spin Resonance

A. Introduction to Electron Spin Resonance

Electron spin Resonance (ESR) is extremely specific in
its application because only those systems which contain un-
paired electrons such as transition metal ions, free radicals
and free electron centers will give rise to an ESR signal.
Like any other resonance method, ESR Spectreseopy monitors
the net absorption of energy from a radiation field when
molecules change their energy state (29-31). Esséntially it
measures the electron Zeeman energy of a paramagnetic species
in the magnetic field. As discussed earlier, the magnetic
dipole of an electron consists of an orbital part and a
spin part. A spin moment is a purely quantum mechanical
effect and can not be described accurately by classical
analogs while the orbital moment can be easily derived from
a classical electrodynamics point of view. The magnetic
moment of molecules with unpaired electrons is dominated by
the spin moment, fﬁﬁs ESR Sééctra are usually interpreted
by means of a spin Hamiltonian rather than the actual
Hamiltonian for the system. Any oybital angular momentum
contribution is allowed for by making the g values deviate

from the free electron value, 2.00232. The quantum mechanical



74

spin magnetic moment operator is given by

H, = -8BS,

where the direction of quantization is z. Here no hyperfine
interaction is considered. The corresponding spin Hamiltonian

is then

i
8

3]

=, H = gBHS

Since the two possible electron spin eigenvalues are *1/2,

the Zeeman energy, E, corresponds to

E = #7 gpH

Here, if the energy of radiation matches the separation of the
Zeeman energy at a certain magnetic field, Hyg the resonance

condition is met:

hw = H
gB y

It is evident that information that one obtains from an ESR
experiment is contained in the g values, which reflect the
extent of spin-orbit interaction. Most molecules are highly
anisotropic, which means that the energy levels are dependent
on the direction of the applied field with respect to the

principal axes of symmetry of the molecule, x, y and z (32).
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As a result in general three principal g values, o gy and
g,» are expected to be observed. However, this anisotropy of
g values can be averaged out in solution samples where
molecular tumbling is fast. The anisotropy may also be
partially removed by symmetry in the moleculee‘ For example,
if the molecule contains a single three-fold or higher

axis of symmetry along z, then x and y are equivalent. In
such a case, By © gy 7 g, which are commonly designated as
g and g -

ESR Spectra of Hemeproteins

ESR spectroscopy has been exclusively applied to ferric
hemeproteins although other valence states may be_paramagnetic.
Ferric hemeproteins yield two most commonly observed classes
of EPR spectra; namely5'those Qharacteristic of high spin
and low spin states. Typical low spin ESR spectra consist
of highly anisotropic g values, which immediately suggests
two things: (1) the symmetry of the heme group, which is

generally regarded as th? may have been reduced to D and

2h’?
(2) there may be a large orbital angular momentum contribution.
The low spin heme EPR spectra may be best analyzed by a
positive hole model proposed by Weissbluth (33). The model
assumes that the three th orbitals are completely isolated
from the remaining two eg orbitals by a strong octahedral
field (Fig. 2). Then five valence electrons will occupy

tZg orbitals such that one electrqn configuration corresponds
2 )2

to (d )7 (d
b

y < (dyy)_3 which can be represented alternatively

. o
as (dyz) , a positive hole in dyze The states of such a
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system will be determined by asymmetric ligand field inter-
action and spin-orbit coupling (34). Spin-orbit coupling
mixes the three d orbitals and spin systems, which gives
rise to Kramers doublets. TFigure 12 illustrates the
energy levels and orbitals viewed as hole states. The
eigenfunctions corresponding to the lowest Kramerg doublet

may be given as a linear combination of T spin orbitals:

2g

|+> = alga> - ib|no> - c|zB>

| -> =-a| &8> - ib[nB> - clra>

where £, n and ¢ are orbital wavefunctions corresponding to

d ., d _ and d_ ., respectively. The ESR transition arises

Va K4 Xy

from this doublet when it is split by the magnetic field.

For an anisotropic system the energy splitting along axis

3 is AEj = ngH5 where j = %, y or z. From this the principal

g values may be expressed in terms of the wavefunction co-

efficients by

2a’ - (b+a)?]

s’
i

x
gy = 2£(a+c)2 - sz
g, ~ 20 (a+p)? - %1

Or, if the principal g values are known from an ESR measurement

one can estimate the coefficients. Then from the known eigen-

2 2

functions and the relation eg + b® + ¢” = 1, the eigen energies

may be calculated. If the energy of dyz positive hole, Ey29

is assumed to be zero, then the energy of the ground Kramers
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Figure 12. d orbital energy levels of a tZg set viewed as

hole states in strong ligand field, which show the

origin of a low spin ESR.
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doublet, E;zﬁ corresponds to

E? Zwb+cz g}{ eo;l
vz 2a gz+gy 2

and Exz and ny correspond to

B o= g ¢ ate . Ex N Ey
: v + -

Xz yz  2b g8, * By B, " 8y
atb Ex B2

B ::E?;}:Z = + + -
xy ~ Tyz 2 g, tg, g, - g A

where the eigen energies are given in units of spin-orbit
coupling constant, A. It is clear that the axial distortion

2

be Exz° The above correlation is, however, only a first-order

A/x, will be Exy - L EXZ and rhombic distortion, V/A, will

approximation, because no orbital reduction via covalent
bonding is taken into account. Indeed, consistently

greater orbital contribution to the ground 2T2g term has
been found. Griffith (15) claims that +his can be due to

mixing in of the excited states such as the tggeg configuration,

but no theory has been worked out in detail.
High spin heme ESR spectra are characterized by g“:2 and
g, =6 signals almost without exception (33). This immediately
indicates the presence of strong axial symmetry. In weak
crystal field, the ground term is BAlg
I

excited states are QAzg and Eg in Dghpoint_ group (Fig. 13).

Spin-orbit coupling mixes these excited states into the

, and the lowest lying

ground state which leads to axial zero field splitting. When
the local symmetry of iron is reduced by a rhombic field,

4
'E becomes split into E. and Ey components which results in
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Figure 13. d orbital energy diagram in weak crystal field

which indicates the axial (Al5

distortion parameters and the origin of a high spin ESR.

A,) and rhombic (A ,A )
2 x’"y
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rhombic splitting of g, =6 signal. In such a case, the

spin Hamiltonian for the total interaction may be written as

. 2 1 2 2
ﬁé = g”BHZSZ + DESz -7 S(s+1)] + EESX + Syj

where D and E are axial zero field and rhombic field
splitting parameters, respectively, and S(S+1l) = Si + S; + Sie
D and E may be defined in terms of crystal field energy and

spin-orbit coupling constant as

D= (- )
1 A2

2 .
Vo1
=X (oo 1,
10 ‘5, "B

where A19 A23 AX and Ay are as indicated in Fig. 13. The

zero field splitting removes the sextet spin degeneracy into
three Kramers doublets with Sz = +5/2, £3/2 and *1/2.
According to the above spin Hamiltonian SZ = +5/2 and Sz = +3/2
statgs are separated from the lowest'double‘t5 Sz = +1/2, by

6D and 2D, respectively. The ESR transition is from the

lowest Kramers doublet. When the magnetic field is along z,
the projection of Sz = +1/2 state on the field is normal,

i.e. g 2. When the field is perpendicular to the

direction of quantization, however, the interaction of Sz = £1/2
state with the field becomes exceedingly large, which will
induce the value of g, to deviate from the free electron

value. In general when D > gBH, g, = 28+1.
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Under certain conditions, the separation of energy

between QAgg and bAlg states of high spin iron can be very

- . . b .
small. Indeed, in Chromatium cytochrome c', A is known

2g

to be the ground state (10). If this energy separation is
in the order of spin-orbit coupling constant, a large amount
of mixing of the two quantum mechanical states is expected

and the ground state wavefunction will be of the form

|£> = a<| A, _ +1/2> + b 4A?g +1/2>

16
lg

with a2+b2 = 1. Accordingly,
g, = a’ 6 + bl

In other words, when the ground state of iron exists in a

guantum mechanically admixed state, the g, value will idie

between that for the pure SZ = 1/2A¢omponents of EAlg

!
(28+1 = 6) and %A?g (258+1 = 4) states.
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CHAPTER TII

A INTRODUCTION

Appropriate model systems of hemoproteins can be of great.
value in studies concerning the elucidation of structure-
function relationships in the parent molecules. Porphyrins
and iron porphyrins, in particular, have received close
attention because of their structural analogy to the pros-
thetic groups of hemoproteins (1<7). However, their intrinsic
low solubilities and aggregation properties in aqueous
solutions have been a serious problem for obtaining any
meaningful information. It is especially true with regard
to the details of ligandibinding effects on hemes and heme
analogs, because most of the studies have been carried out in
non~agqueous solvent systems. Use of non-agqueous solvent
medium, although it removes the aggregation problem, remains
ﬁndesirable because the active sites of hemoproteins are at
least partially exposed to water in the native state.

For cytochromes of type ¢, the two representative model
compounds are hemin ¢ and heme peptides of mammalian cytochrome
c (8-17). Hemin ¢ contains two cystinyl thiocether linkages
at the vinyl sites of protoporphyrin IX characteristic of the
parent molecule. The addition of thiocether bonds to por-
phyrin not only greatly enhances water solubility but élso
yields a typical type ¢ hemochrome absorption spectrum; the
position of the ngo transition lies higher in energy than

M, 3

that of normal iron protoporphyrin I¥. This is due to
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reduction in the size of porphyrin w system. Extensive
investigation has been performed on the optical and thermo-
dynamic characteristics of ligand binding on hemin c in
agueous solutions (18). However, hemin ¢ still dimerizes
readily even at a dilute concentration; i.e., in the order
of 10°%M. 1n addition, it does not form mixedgaﬁial
coordinate compiexes such as cytochrome ¢ where sulfur of
methionine and nitrogen of histidine residues are known to
be the axial ligands. The better models are the heme peptides
directly isolated from the native enzyme by the action of
protease or chemical means (11,14,15). The length of the
peptides may vary from five to sixty five. Moré commoniy
used and extensively characterized are the heme uﬁdecam and
octapeptiées of horse héart cytochrome o (Fig. 1), first
prepared by Tuppy and Pelius (9) an@ later by Harbury and
Loach (10). These model systems are unique in that the fifth
axial coordination site is intrinsicdlly occu?ied by the
imidézale‘of the peptide histidyl residue. Furthérmore,

the hemes are covalently bonded to the peptide as in hemin
‘¢. Thus, the principal difference from its parent molecule
is the absence ofvmethionine ligand and the protein moiety.
These heme oligopeptides are readily soluble over a wide.
range of pH, an additional advantage for studying aqueous
solution properties. The absorption spectral and the pH-
dependent redox properties of some of the nitrogenous

complexes as well as heme peptides themselves have been
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Figure 1. Amino acid sequence of the heme undeca- and

ottapeptides of horse heart cytochrome c.
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investigated in detail previously (10,11,19,20). In these
studies there were indications of concentration-dependent
intermolecular heme interactions between the heme peptides,
later verified by Urry and Pettegrew (21,22) in their optical
and circular dichroism (CD) studies in the Soret region. The
effect of aggregation is found to be manifest as exciton
gsplitting of the Sarﬁt transitione In addition, the

observed hypo- or hyperchromism that arises from large
dispersion force interactions between the hemes at high
concentrations is found to reflect the geometric heme
orientations within the aggregates. This may facilitate
determination of the heme arrangements in multi-heme

Qr@teing such as cytochrome oxidase, hemoglobin and
cyt@chﬁome ce', One obvious mechanism of aggregation is to
‘form a tight dimer where the free N-terminal amino group of
éne peptide participates as a sixth ligand to the second heme
molecule. In the heme undecapeptide (HL11PT), intermolecular
coordination is also possible via the e-amino group of the
lysyl residue (Fig. 1). 1In fact, more recent studies
concerning pH-dependent kinetic measurements and magnetic
properties have shown that the HL11PT undergoes lysine residue-
induced aggregation via the e-amino group with a pK value of
7.6, while the N-terminal c-—amino group mediated aggregation
occurs with a pK value of 5.8 (23,24). At low heme concentra-
tions; where heme peptides are mostly monomeric species,
attempts were also made to identify the unknown ligands of

cytochrome ¢ before the x-ray structure became known (12,13).
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Although previous studies illustraﬁe versatile applica-
bility of heme peptides as model compounds of various hemo-
proteins, they do not include extensive characterization of
monomeric heme peptides at high concentration, which may be
obtained by blocking the free amino group. For our magnetic
"and electron spin resonance measurements discussed in Chapter
V, it ig important that ligand induced aggregation such as
that mentioned above 1s removed even at high concentration.
Described in this chapter are the methods for the preparation
of the N-acetylated ferric heme octapeptide from horse heart
cytochrome c¢. Also included is its detailed optical and CD

spectral characterization.

B. ISOLATION AND N-ACETYLATION OF FERRIC HEME OCTAPEPTIDE

Materials
Horse heart cytochrome ¢ (Type IV grade) was obtained
from Sigma and used without further purification. Pepsin
and trypsin twice crystallized products were also from Sigma
and used without further purification. Acetic anhydride was
from Matheson, Coleman and Bell, sodium acetate and ammonium
sulfate, from Baker and Adamson, and trichlorocacetic acid,
from Mallinckrodt. Other reagents were of analytical grade.
Methods
Absorption spectra were recorded on a Cary 118 Spectrometer
and CD spectra on an instrument which is described elsewhere (25).

Amino acid analyses were performed using a Beckman Multichrome
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Liquid Column Chromatograph 120C. The heme concentration was
determined from the absorbance at 406 nm of the imidazole
complex, which exhibits e, = 128 x 10% M ten™ at pH 7.0 (13).
The isolation procedure was essentially that used by
Harbury and Loach (10). A solution containing 2.0 g cyto-
chrome ¢ and 40 mg pepsin in a total volume of 200 ml at
pH 1.5 was incubated for 10 hours at 20°C with slow stirring.
Additional 40 mg pepsin was added, the pH was restored to 1.5,
and the product was precipitated at 3°C by ammonium sulfate
addition to a final concentration of 4,1 M (near saturation).
The solution was then centrifuged at 7.7 kg for 15 minutes

at 3°C. The precipitates were dissolved in 110 ml, 0.01 M

NHQOHb9 and to that was added slowly with stirring 500 ml of

ra
2

i 4 N e 2O M A oy T
i, ution at 3°C., After 20 minutes,

19.5 ml of 1.2 M trichloroacetic acid was added and the
precipitates were collecteé by centrifugation~again at 7.7
kg, 39C and redissolved in 40 ml of 0.01 M NH, OH. After
dialysis for 12 hours at 3°C against lOa3M NHQOH with
frequent changes of NHQOH solution during the period, the
sample solution was subjected to lyophilization.

A partition column which was 2 c¢m in diameter and 40 cm
long was prepared as follows: crude Hyflo Super-Cel wasl
washed twice in 6N HCL with stirring followed by thorough
washing with distilled water. The solution was filtered

and dried at 115°C. To 39 g of dried Hyflo Super-Cel, 24

ml of the aqueous phase of a mixture n-butanol/acetic acid/water



(4 : 1 : 5) was added followed by 105 ml of the non-agueous
phase. The slurry was used to pack the column.  The lyo-
philized heme fragments were then dissolved in 4.0 ml of
the non-aqueous phase and loaded on the column. It was
eluted with the non-agueous phase at a rate of U mi/hr

and the main colored band was collected into tubes with 3
mlveacha The chromatogram obtained by absorbance reading

at 625 nm confirmed the presence of a single component. The
tubes in the tail region of the chromatogram were discardéda
The purified H11PT so obtained was extracted into the aqueous
phase by addition of 3.5 M NHQOHE Several repeated extractions
were combined to give a total volume of 4.4 ml; the final

3

3 dialized against 10 "M

3

pH was 8.7. The sample solution wa

-

, NHQOH.fOP 5 hours with at least four cha@ges of NHQOH solgﬁion
during the period, and against distilled water for 3 hours.
The resulting material was lyophilized.

.CanersiQn of the H11PT to HB8PT was carried out as
follows: After 200 mg of the H11PT was dissolved in 90 ml
of 5 x 1Dw3M NHQOHﬁ 21 mg of twice crystallized trypsin |
was added and the solution was incubated for 12 hours at
36°C with slow stirring. Tﬁe pH of the solution was monitored
to follow the rate of hydrolysis. At the end of incubation,
another 11 mg of trypsin was added and the incubation continued
for an additional iZ hours at 36°C. No pH change was observed
towards the end of second incubation period indicating the

completion of hydrolysis$ The solution was boiled at 100°C

for 5 minutes and subjected to lyophilization. The crude
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product of the H8PT was then purified by partition chromatogra-
phy according to the method described above. The resulting

material was dialized against 1D®3M NH, OH and against water,

b
then was lyophilized again.

Acetylation of the N-terminal amino group of the H8PT was
carried out by the method of Fraenkel-Conrat t26)e A mixture
containing equal volumes of heme solution (60 mg/l.5 ml) and
saturated sodium acetate solution was treated by slow addition
of an amount of acetic anhydride approximately equal to the
weight of the HB?T at 0°C. The mixture was allowed to react
for 3 hours at 0°C. The modified H8PT was then purified twice
on a Bio Gel P-2 column (1.5 cm x 15.0 cm) equilibrated with

0.1 M phosphate buffer, pH 7.0 and dialized abainst 5 x 1033

.0 followed by distilled water.

TF 7
!

M phosphate buffer, pH Th

he
final sample solution was 1yophili§ed and stored at wzgcca

For amino acid analysis, the following procedure was used.

1 mg of the heme peptide, which was enough to provide 0.02 to
DQB'mi@romoles of each constituent amino acid, was dissolved
in 1.0 ml of glaggwdigfilled 6N HCl. The solution was
transferred into a test tube with a narrow neck, 1 to 3 mm

in diameter, at a point about 1.5 cm from the end of the tube,
frozen in dry ice/acetone bath and connected to a high

vacuum pump line. It was evacuated for 20 minutes while

keeping the solution frozen, and the tube was sealed at the

narrow neck with a torch. The sample was allowed to hydrolyze
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for 22 hours in a 110°C oven. After cooling, the top of the
tube was removed and the precipitates containing heme residues
were removed by centrifugation. The HCL in the hydrolyzate
was evaporated to dryness under vacuum in a closed desiccator
with a dish of NaOH pellets. The dried film of hydrolyzed
‘sample was dissolved in 2.0 ml buffers pH 2.2 for the

analysis’.

C. RESULTS AND DISCUSSION

Amino acid analyses of the H11PT and H8PT gave results.
in good agreement with those reported by Harbury and Loach
(10) and are consistent with the known composition of the
peptides (Table I). It is significant that in the H8PT
preparation., lysine content is reduced to 2%, indicating
essentially complete trypsin hydrolysise Complete N=-
acetylation‘of the H8PT was verified by thin layer
chromatography on a silica gel plate using the non-aqueous
phase of a mixture n-butanol/acetic acid/water (4 : 1 : 5)
as a solvent system. The N-acetylated H8PT (N-H8PT) showed
no trace of the unmodified form. The Rf values for the H8PT
and N%HSPT.were approximately 42 and 57, respectively, which
agree very well with the reported values (20).

Figures 2 and 3 show concentration dependent variations
of the visible absorption and Soret circular dichroism spectra
of the ferric H8PT at neutral pH, 20°C before and after

N-acetylation. For the absorption spectra, concentration

and path length were reciprocally changed to maintain the heme’
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TABLE I

AMINO ACID ANALYSIS

Peak Area/Average Area

Residue HUTPT H8PT
| Ala 0.96 1.04
Glu (NHz)g Glu 3.12 2.10
His 1.04 0.96
Thr 0.87 0.86
Val 1.91 1.05
Lys 1.10 0.02
Cys (2) 0.89 0.67
Others

Asp 0.08 0.06
Ser 0.02 0.04
Gly 0.08 0.08
Ile 0.03 0.05
Ley 0.04 0.06
Tyr 0.03 0.03
Phe 0.01 0.01

XBL 786 - 4007
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Figure 2A. The, concentration dependent absorption spectra

of the heme octapeptide at pH 7.0, 20°C.
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Figure 2B. The concentration dependent Soret circular
dichroism spectra of the heme octapeptide at pH 7.0,

20°C,
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Figure 3A. The concentration dependent absorption spectra

of the N-acetylated heme octapeptide at pH 7.0, 20°C.
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Figure 3B. The concentration dependent Soret circular
dichroism spectra of the N-acetylated heme octapeptide

at pH 7.0, 20°C.
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content of each solution equal. In Fige 2A, the spectrum

of the H8PT at low heme concentration (dotted trace) is of

high spin character: The Soret band lies below 400 nm; o, B
bands are not well resolved and there is a distinct 625 nm
charge transfer band that is believed to arise from a por-
phyrin n to iron dr transition. At low heme concentra“tioﬁS
where monomeric species are predominant, a sixth axial ligand
site is thought to be occupied by a water molecule, a weak
field ligand. The spectrum at high concentration (solid trace),
on the other hand, exhibits a large amount of low spin charac-
ter, indicated by the red-shifted Soret band, the wéll resolved
strong B band at 520 nm and reduced intensity of the 625 nm
band. The low spin form arises frcm.intermoleculér coordination
of the heme via the free N-terminal amino group of aﬁother
peptide, providing a strong field ligand. A éplit Soret,
transition with its maximum at 404 nm and a shoulder at 363

nm is due to exciton resonance interéctipng As has been
discussed previously by Urry (21), a dipolar interaction
potential between transition moments in heme aggregates
congists of a term describing interactions of the Soret
transition in one chromophore with the Soret transitions in
other chromophores, and a term resulting from interactions

of the Soret transition with all éf the other in-plane
polarized transitions, such as the visible and charge transfer
bands. The former gives rise to exciton splitting of the

doubly degenerate Soret transition and the latter to dispersion
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force interactions leading to hyper- or hypochromism. Hyper-
and hypochromism attending aggregation are associated with
increase and decrease respectively of the oscillator sffength
on a per absorbing unit basis (22). Tinoco (27) and Rhodes
(28) have related these phenomena to geometric arrangements
of subunits in polymeric systems. The assumption is that
the transition under consideration is in the plane of an
aromatic chromophore and that the polarizability in that
plane is greaﬁer than the polarizability perpendicular to -
the plane. More specifically, the planar aromatic groups

in a stacked conformation are expectéd to gi§e rise to
hypochromism and those in a headatofﬁtail_alignment3 to
hyperchromism. The same conclusion suéh as above‘may be
made in aggregated heme peptide systems, because the Soret
transition is x-y polarized and the.dipole strength in-plane
is much greater than that-outooprlaneo In Fig. 2A is shown
the apparent'aggrggationmdependent hjpochromism of the HS8PT,
This suggests that the H8PT exists in a more stacked
configuration than the head-to-tail alignment consistent
with the reported results (22). Exciton interactions
treated by Kasha (29) predict a blue or red shift of the
absorption band position in addition to splitting of the
band in the two limiting cases - a parallel stacking or a
head-to~tail alignment of ‘transi‘tion‘dipoles3 respectively.
In other words, hypochromism leads to a blue shift and

hyperchromism, to a red shift. In the HSPT case, the
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Soret band is split about the position of the monomer tran-
sition which suggests an obliQue orientation of heme planes.
The effect of exciton interaction is more pronouﬁéed
in CD spectra because the induced molecular diSéymetry
results in split Soret transitions with rotational strengths
of opposite sign. In Fig. 2B, the Soret CD séectrum at low
heme concentration exhibits only a single peak with a
maximum at 396 nm while at high ccncentration; a double CD
feature is observed, in good agreement with the feported
results (22). The lack of an isosbestic or iscelliptic
point in the spectra indicates that the aggregation results
in multiple states involving higher degrees oflpolymerizations
| After N-acetylation, as can be seen in Fig. 3A, the
visible region of the ebsorption spectrum remains high spin
in character even at high heme conc;gntra‘tion° This provides
evidence for the removal of ligand-induced aggregation. The
Soret band is still split, however, ° although its
maximum occurs at a différant wavelength, 396 nm (solid trace).
The band maximum is at the mcnomerrposifion, unlike the free
H8PT whose maximum occurs at 404 nm. This suggests the
.bresence of heme interactions that may be different in
nature. Fig. 3B shows CD spectra that consist of a single
positive peak at both low and high concentration. The

decreased ellipticity and the small bandshape changes at

high concentration indicate some kind of heme interaction.
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The ability of porphyrins to participate in m interactions

is widely recognized from both their tendency to aggregate

in solution regardless of whether a metal or axial liéand is
present, and their interaction with organic donor and acceptor
molecules (30-35). in addition, several model compounds forming
.ﬁ donor-acceptor stacking type dimers have been characterized
in terms of their spectroscopic and magnetic properties (36).
As suggested by Goff and Morgan (8) in their studies of hemin
c aqueous solution properties, most probably the N-H8PT
molecules are also associated by dihydroxo bridges or bound
by m donor-acceptor forces. The latter would require
hydrolysis of each Fe(III) to reduce charge at the iron
.center for closer apprcach of two hemes. Théy have shown
that the hemin c solution at % x leeM gives rise to a split
.Soret band with one.of the maxima occurring at the monomer
ﬁosi‘tion3 which agrees with our absorption results of the
N-H8PT at high concentration. Should such an interaction
indeed exist, a weak antiferromagnetic coupling should be
obsefved as a slightly diminished value of the high spin

heme iron (S = 5/2) magnetic moment (36). As will be seen

in chapter V, our magnetic data are consistent with thg

view of having m interaction in the N-H8PT at high concentration.
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CHAPTER IV

ABSORPTION AND MCD SPECTRA OF THE COMPLEXES OF N-H8PT
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CHAPTER IV

A. INTRODUCTION

Studies of electronic structure and magnetic proéertiesA
of hemoproteins are essential to the understanding of their
physiological functions. In cytochromes, of particular
interest has been the possible role of axial ligands provided
by the protein in the regulation of electron transport.
Evidence suggests that the magnetic state of the iron, which
in part is determined by the chémical nature of the axial
ligands, plays an important role in electron transport by
affecting the reduction potential of the enzyme (1,2), As
discussed in Chapter ITI, the electronic properties of por-
phyrin are closely coupled with the magnetic properties of
irén in ferric hemoproteins (3-10). Thus, optical
ﬁeasurements are convenient for monitoring subtle éﬁanges in
tﬁe immediate heme environment. Magnetic circular dichroism
(MCD) is especially useful for strucfural studies of hemo-
proteins because of its ability to discriminate both the
oxidation and spin state changes independently of each
other (11-20). Our effort has been focused on elucidating the
electronic structure of the heme in generallthrough detailed
ligand binding effects on the ferric N-H8PT.

Described in this chapter are our initial attempts to
prepare the model complex of cytochrome c with the H8PT using
organic analogs of methionine sulfur ligand in both aqueous

and non-aqueous (dimethyl sulfowxide) solvents. Sulfur
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ligands possess weak binding affinities toward ferric ion.
Thus, solubility often is a limiting factor for the extent
of ligation. Dimethyl sulfide which has a stronger 5inding
affinity towards Fe (III) ion than methionine in dimethyl
sulfoxide has been used in hopes of increasing the amount
‘of the ligand bound hemes. Also included are the absorption
and MCD spectral measurements on the complexes of the N-H8PT
with various external ligands, i.e. fluoride, hydroxide,
azide, N-methionine, imidazole and cyanide at neutral pH
(except hydroxide); 20°C.. These complexeé behave generally
as predicted by ligand field strength considerations.
Imidazole-sulfur coordination is.thOughf to produce a strong
field interaction, because cytochrbme c exisﬁs in the purely
low gpin state independent of temperature. However, our
‘model syétem studies shoﬁ that this appears nét to\be the
case.

Spectroscopic identification of the intrinsic axial
ligands of cytochromes whose x-ray structures are not yet
known is of particular interest to us. Previous workers
have suggested that the inherent sensitivity of the visible
MCD spectral band shape to the electronic structure of the
heme chromophore bears a great potential for determining the
nature of the axial ligands (16). In this regard, our N-HSPT
complexes seem to provide excellent moael systems for
systematic comparative studies. Attempts have been made to

elucidate the unknown ligands of cytochromes c- (yeast) and
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f (spinach). Both cytochromes are known to be of type c.
That is, the o band maximum of the reduced form occurs near
550 nm which is 10-20 nm higher in energy than the o band of
typical low spin hemoproteins in the reduced state. This

is believed to arise from the covalent linkage of the heme
grgup to the protein which breaks the w bond of the two
vinyl side chains included in the 7 system of protoporphyrin
IX. The main queétion is whether methionine céordinaticm

is a univeréal property of all type c cyfochfomesa The

MCD results alone do not provide unequivocal evidence.

B. EXPERIMENTAL

Materials and Methods

The ligand solutions weré prepared by dissolving appropri-
ate potassium salts in 0.1 M phosphate buffer at pH 7.0. The
stock solution of Néacetylated methionine (3.0 M) was prepared
by a slow addition of a solution ccnéaining 6.0 M KOH in
0.1 M phosphafe buffef to solid N-methionine until it reached
neutral pH, followed by adjustment of the final volume with
0.1 M phosphate buffer, pH 7.0. N-methionine amide was used
as obtained from Cyclo Chemical Company. N-methionine methyl
ester was prepared from methionine methyl ester-HCl salt
obtained from Sigma by N-acetylation. The procedure used was
as follows. 0.5 g methionine methyl ester-HCl was dissolved
in 100 ml pyridine followed by addition of 50% molar excess

of acetic anhydride. To this mixture an equivalent amount
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of tetraethyl amine was added to pull the eéuilibrium to thé
product fbrmation and it was allowed to react for six hours.
After rotary evaporation, the oily residue was dissolved in
an equal volume of CHCIB5 washed with 0.3 M HCl solution
three times, washed again with éaturated NaCl solution and
filtered after the addition of sodium sulfate; The solution
was then subjected to rotary evaporation. N-methionine methyl
ester was a yellowish oil. Cytochromes c¢ (yeast) and f
(spinach) were a generous gift from Dr. J. Siedow, Department
of Botany?’Duké University, N.C. Dimethyl sulfide and
dimethyl sulfbxide were from Baker and used without further
purification. Hemin was from Eaétman Kodak and‘used as
obtained.

Abscrption spectra weve reccrded on a Cary 118 spectrometer.
When necessary, temperature control was made using‘a Formés
Temp Jr. model 2095 water bath. Méb spectra were obtained on
an instrument which is described elsewhere (21), Teﬁperature

control was obtained by using jacketed cells.

C. RESULTS

Fig. 1 shows the absorption spectréyof ferric cytochrome
¢ and of the ferric H8PT in the presence of N-methionine Of
dimethyl sulfide (DMS) in 0.1 M phosphate buffer, pH 7.0. The
ligand concentrations indicated in the figure are those at which
the spectral changes are nearly saturated. The spectrum

of cytochrome c is typical of the low spin form, with a



119

Figure 1. The absorption spectra of ferric cytochrome ¢ and
‘the ferric heme octépeptide in the presence of N-
methionine or dimethyl sulfide. The ligand concentra-
tions are those at which the spectral Qhangeslare

nearly saturated.
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Soret maximum at 410 nm and a B8 maximum at 528 nm. Even

though the two axial ligands of the H8PT complex with N-
methionine (N-Met-H8PT), are identical to those of

cytochrome ¢, it exhibits a residual of the charge transfer
band near 625 nm characteristic of a high spin form in

addition to all the low spin features of cytochrome c.

This suggests that the N-Met-HB8PT complex exists as a

thermal mixture of high and low spin forms, as has been

found in various hemoprotein derivatives@ Although'

DMS appears to be a good sulfur ligand representing

methionine, the spectrum of the DMS-HB8PT complex does not
exhibit either the low spin, the high spin or the mixed'spin
Spectfal features. The Soret intensity is diminished drastically
with indications of at least two transitions undecr the abscrption
envelope, concomitant with the appearance of a strong new band
at 638 nm. The nature of tﬁis new band is not cléare Further-
‘more, the intensities of the 638 ﬁm band and the Soret band
decrease as a function of time. Fige'z shows the absorption
spectra of the ferric H8PT with op without DMS in 80%

DMSO/HZOB The free HB8PT in DMSO/HZO shows some 1ow'spin
features as indicated by the increase of the B band intensity
near 525 nm and the shift of the Soret maximum to 1ower'energy,
402 nm. Most probably, this is due to interaction with the
solvent molecules. DMSO is a weak field ligand, but the
effective 1igand field strength is expected to be greater

than that of water owing to its increased electron donating



Figure 2. The absorption spectra of the ferric heme
octapeptide with or without dimethyl sulfide in

80% DMSO/HZOe

12
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nature. The two épec%ra for the DMS ~H8PT complex show

time dependent behavior. The initial spectrum, Fig. 2(a)
appears to reflect the mixed spin form, although the Soret
maximum occurs at a much longer wavelength and its intensity
is too low. Again, there are indications of having more
than one transition in the Soret band. In the final
spectrum, Fig. 2(b), which is obtained after one hour of
equilibration, the Soret intensity is almost absent and the
B band intensity is decreased while the 632 nm band is
increased. Reduction of Soret intensity seems to indicate
the attack on the porphyrin 7 system.

The absorption spectra of the N-H8PT in the,presence of
imidazole, N-methionine or 0.1 M phosphate buffer, pH 7.0
are shown in Fig., 2. The imidazcle complex yields a2 typi
Low spin hemichrome spectrum, and the aquo complex a high
spin spectrum, as.predicted from tﬁeir ligand field strength
considerations. The N~Met-N-H8PT complex, however, again
givés rise to the mixed spin spectral characteristics. In
Fig. 4 are shown the actual spectra recorded during a
spectrophotometric titration for N-methionine binding in
0.1 M phosphate buffer, pH 7.0. The spectra are shown with
up to 2.0 M Nwmethionine; The spectra at higher Nwmethicnine
concentration are virtually the same as the spectrum at
2.0 M concentration except that the Soret intensity increases
slightly and the band maximum exhibits a small blue shift

(< 2 nm). There is an isosbestic point at .583 nm and an
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Figure 3. The absorption spectra of the N-acetylated heme
octapeptide in the ?resence of N-methionine, imidazole
or 0.1 M phosphate buffer at pH 7.0, 20°C. The
ligand concentrations are those at which the spectral

changes are saturated.
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Figure 4. The spectral titration for N-methionine binding
to the N-acetylated heme octapeptide. The ligand
concentrations from a to f correspond to 0, 0.1,

0.2, 0.5, 1.0 and 2.0 M respectively.
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approximate one near 504 nm, but none appears in the Soret
region except at 400 nm below 0.1 M concentration. This may
indicate the presence of a third species at high Nwﬁethianine
concentyration or may reflect some unknown solvent or charge
effect of N-methionine. The absorbance fractiomal changes
observed at the Soret, B or charge transfer band (Fig. 5)

all suggest that at 2.5 M N-methionine the spectral change

is nearly saturated. Table I summarizes the absorption
spectral data of the ferric N-H8PT complexes with various
added ligands at pH 7.0 (except OHT), 20°C. The extinction
coefficient of the N-methionine campléx is approximately

20% greater than that of cytochrome ¢, which has €y =

106 x 10° Malcméls However, its band maxima agrée with

those of cytochrome ¢ within 2 nm. In general, the position
of the Soret maximum consistently shifts to lower energy as

a function of increasing ligand field‘strengths The intensity
of 625 nm band also decreases and the position.shifts to
lower energy.

Fig. 6 shows the Soret MCD spectra of the N-H8PT in the
presence of a strong field (Imidazole), weak field (Fluoride)
or N-methionine ligand. The fluoride complex shows a
relatively weak magnetic ellipticity while the imidazole and
N-methionine complexes exhibit strong magnetic ellipticities.
A first derivative band shape chéracteristic of a low spin
hemin complex appears to be é Faraday A term but it is

actually known to be a superpOsitiOn of two C terms of
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Figure 5. The absorbance fractional change for N-methionine
binding to the N-acetylated heme octapeptide against

the N-methionine concentration.
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TABLE I

Absorption Spectra of Fe(III)-N-H8PT Complexes, (.1lm PDEE PH 7.0

Ligand Lig. Conc. (M) Soret, mm (%mw) 8 band o band CT, nm (emM}
Fluoride 2.0 393 (146) 485%(7.98) 562 (5.02) 606 (6.19)
Water --- 396 (143) 494% (9, 35) 560 (4.40) 623 (3.71)
Hydroxide  pH 11.0 402 (98) 534 (9.01) 566 (7.40) 600 (4.95)
Azide 1.0 4@6(127) 533 (11.6) 562 (7.98) 622 (2.00)
N-Methionine 2.5 409 (126) 526 (12.4) 560 (7.63) 622 (2.06)
Cyanide 0.5 409 (121) 532 (12.6) 560 (8.46) ---
Imidazole 1.0 406 (128) 527 (12.8) 560 (8.67) ~---
Cytochrome ¢ --- 410 (106) 528 (11.2) 560 (6.9 -

* Visible Charge transfer band

XBL 786 - 4008
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Figure 6. The Soret magnetic circular dichroism spectra of
the N-acetylated heme octapeptide in the presence of

fluoride, N-methionine or imidazole ligand.



134

150 I I I 1 1 T
i MCD 7
- Fe(II1)-N-H8PT Complexes :
120 - 0.l M POZ, pH 7.0 7
a. Flouride ]
90 | b. N-Methionine
c. Imidazole |
60
PN
- 30
. 0]
=
XL
~ =30
W
- <
-60
-90
-120
- 150 ] ] l | L L l l i
350 450
A{nm)

XBL 786-3963



1357

opposite polarity, thus paramagnetic in origin (12),
Theoretical originsg of Faraday A, B and C terms have been
discussed in detall in Chapter II. The absorption ﬁaximum
of each complex (Table 1) does not correspond to the corres-
ponding MCD zero crossing, which suggests that there are
additional transitions in the Soret region. A Faraday A
and/or B term may contribute to the observed MCD intensity.
Table II includes the Soret MCD and CD Spectral data of the
ferric N-H8PT complexes with various ligands at pH 7.0,
20°C. When compared with cytochrome ¢, the N-methionine
complex exhibits larger magnetic ellipticities, consistent
’with the observed larger extinction coefficient of the Soret
transition. In general, however the intensities of both
peaks and troughs in the Soret region increase with increasing
ligand field strength. |

Fig. 7 compares the visible MCD spectrum of the N-Met-
N-H8PT complex with those of cytoch@omes ¢y (yeast) and
f (spinach) in both oxidized and reduéed states. In the
oxidized state, a Stroﬁg transition with a zero crossing
near 557 nm indicates an MCD A term associated with & g
transition (a band). Between the Q1 (B band) and Soret
transitions, more detailed features that arise from overlap
of several weak C terms afe nét resolved in the absorption
spectra. The weak C terms in that region are thought to be
associated with the visible charge transfer transition (CT29
Fig. 7, Chapter TII) whose position and intensity are a sensi-

tive function of the chemical nature of the axial ligands.
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TABLE IT

Magnetic Circular Dichroism and Circular Dichroism Spectra of Fe(III)-N-H8PT

Complexes, 0.IM PO,, PH 7.0

MCD Peak Zero Crossing | MCD Trough  CD max
Ligand nm (Ae/H) ©nm nm (Ae/H) nm (Ae)
Fluoride 403 (22) 408 416 (-46) 394 (9)
Water 392 (36) . 398 : 405 (-43) 397 (17)
Hydroxide 398 (30) 405 | 412 (-36) 403 (11)
Azide 401 (61) 407 413 (-85) 406 (13)
N-Methionine 406 (77) 412 _ 419 (-113) 414 (14)
Cyanide 402 (84) 409 416 (-120) 405 (20)
Imidazole 400 (85) 406 412 (-127) 408 (13)
Cytochrome ¢ 402 (75) 409 416 (—IQZ) -------

¥BL 786 - 4008
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Figure 7. The visible magnetic circular dichroism spectra
of the N-methionine complex of N-H8PT, cytochrome f

and cytochrome c. .
4
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Therefore, they probably reflect the nature of the axial
ligands as well as the local heme environment. The N-Met-N-
H8PT complex shows better resolved spectral features

than the room temperature spectrum of cytochrome ¢, in fact
it looks closer to the low temperature spectrum (16D

In the reduced state, a strong A term dominates the spectrum,
while weak vibronic transitions appear at the high energy
side. in both oxidation states striking spectral similarities
are found between the N-~Met-N-H8PT complex and cytochrome c.,
although the relative intensities of the bands are different.
are

1

probably histidine and methionine residues. Differences in

This suggests that the axial ligands of cytochrome c

intensity may reflect subtle differences of the local heme

environment. In th

D
1G]

only are the band intensities much weaker and not well
resolved, but the zero croésing is red shifted by 2 nm.

" Even in the reduced state the spectrum of cytochrome f is
rather distinct from that of the N-Met-N-H8PT complex.
Nevertheless, if the whole spectrum is blue shifted by 2 nm,
a reasonable agreement is observed between cytochrome f and
the N-Met~N-H8PT complex. The appearance of a weak MCD A
term near 630 nm with a negative trough in the oxidized
state is probably associated with the near IR charge transfer
band characteristic of the high spin state (16,22,23),

At 630 nm cytochrome c shows a positive MCD with Ae/H ébout

0.6, while the acid form of cytochrome ¢ {(pH 1.8) where chloride
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ion 1s thought to replace the methionine ligand exhibits
Ae/H = -2.0 (results not shown) (16). In the N-Met-N-H8PT
complex, there is only an indication of the presence of an

A term. At 630 nm, zeroc MCD is observed.

D. DISCUSS51I0N

Interpretation of the absorption spectral results of.the
N-methionine or DMS complex of the ferric N~H8PT deserves
careful attention. Although it appears that the model
system of cytochrome c, thé N-Met-N-H8PT complex exists as
a thermal mixture of high and low spin forms at room tempera-
ture, absorption evidence alone is not conclusive. One of
the serious problems is associated with the weak binding of
sul fur ligands toward the ferric form. As shown in Fig;
5, a very large molar excess of N-methionine is required
for saturation of the absorbance change. Therefore, it is
not clear whether incomplete N-methionine binding is responsible
for the residual of the high spin component at 2.5 M ligand
concentration. The percentage of N-methionine ligation as a
function of ligand concentration can be estimated from
analysis of the spectral titration curves shown in Fig. 4.
If we assume that only one N-methionine per heme binds to
iron the equilibrium expression may be written in terms of
~the extinction coefficients as shown in Fig. 8 where €5 is

the extinction coefficient in the absence of N-methionine,
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Figure 8. A plot of ¢ versus(smeo)/[Nsmethioninej at 409
nm where €, is the extinction coefficient of the N-H8PT
ét zero N-methionine and €, at any ligand concentration.
The sliope corresponds to ~1/( where § is the equilibrium

quotient for one N-methionine binding per heme.
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€ at any ligand concentration, and e at complete ligation
In Fig. 8, a plot of & versus gaao/[Nmmethioninej results
in a straight line. The observed value of € is found to

3 M“lcmml and the equilibrium quotient for N-

be 126 x 10
methionine binding (N-Met + N-H8PT = N-Met-N-H8PT), Q, 3.2.
From these values we could estimate that at 2.5 M ligand

concentration approximately 90% of ligand is bound at room

temperature. A similar analysis in the visible region (at

(24

526 nm) also shows 90% ligand binding at 2.5 M concentration.

The intensity of 625 nm band is clearly too large to account
for 10% of the high spin N-H8PT, however. If the intensity
of 625 nm band is taken to reflect the amount of the high

- spin form presenfs then the intensity of the N-Met-N-H8PT
complex corresponds to about 35% high spin state assuming
that the fluéride complex is purely high spin. It is
possible that thefe is séme bisﬁNwﬁetmNmHBPT‘complex formed.
Practically no steric hinderance exists in the peptide to

protect the imidazole coordination at the fifth site

although replacement of the tightly bound imidazole ligand is

not energetically favorable. TFig. 9 compares the absérption
spectra of the bis-N-Met-hemin complex with the N-Met-N-H8PT
complex in both oxidized and reduced states at pH 7.0, 20°C.
The reduced bis-N-Met-hemin complex exists in the low spin
state as evidenced by the well resolved and strong o, B

band intensity while the oxidized form appears to exist in
the high spin state or mixed spin-state. The change of the

spin state upon reduction is not understood.. It may reflect
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Figure 9A. The absorption spectra of the bis-N-methionine

complex of hemin in the oxidized and reduced states.
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Figure 9B. The absorption spectra of the N-methionine complex

of N=-H8PT in the oxidized and reduced states.
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the fact that in the oxidized form only one methionine per
heme is bound due to its weak binding nature toward the

ferric form. If indeed the bis-N-Met-N-H8PT é@mpléxAis
responsible for the residual of the near IR charge transfer
band which accounts for 35% high spin form at_roém temperature,
then at least 25% heme must be bis-N-methionine coordinated.
If this is true, then we would certainly expect to observe
deviation from linearity in Fig. 7 at high ligand concentrations,
because two independent equilibrium quotients will be involved.
‘However, all of the points fall nicely on a straight line.
Furthermore, in the reduced state where the intensity of the

o band is believed to be very sensitive to the chemical

nature of the axial ligands, the a/f band ratio of the N-Met-
N-H8PT complex (1.42) falls right in the middle between that'
of the bis-Im-heme ¢ complex (1.62) and that of the bis-N-
Met-heme ¢ complex (1.12) (24), The position of the Soret,

o and B bands of the N-methionine complex also agree with

those of cytochrome ¢ within + 2 nm., In addition, ironmsulfur
intefaction is indicated by the presence of a 695 nm band, a
charge transfer transition from iron to sulfur, although it

is not resolved in Fig. 3 owing to the small extinction
ceefficienf (< 800). A test is made of the number of
absorbing species in the N-Met-N-H8PT complex solution using
the graphical method of Coleman, Varga and Mastin (CVM). A
CVM plot (Fig. 10) is shown as the absorbance differénées
betweén various N-methionine concentrations (7)) and no N-

methionine (o) obtained at several wavelengths (i) against
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Figure 10. The Coleman, Varga and Maétin (CVM)* plot:
the absorbance differences between various N-methionine
concentrations (j) and zero N-methionine (o).obtained
“at several wavelengths (i) are plotted against the
corresponding absorbance differences at the reference
wavelength, 526 nm. The i's correspond to 396, 409,

_560 and 622 nm.
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the corresponding absorbance differences at the reference

wavelength, the B band maximum (526 nm). All of the points

fall in straight lines which intersect

at the origin. This

clearly indicates that there are only two absorbing species

in solution and that bis-N-Met-N-H8PT complex formation is

not significant. Thus, we believe that the absence of an

. isosbestic point in the Soret region is due to the solvent

effect of N-methionine at high concentration.

Other ligands that may compete with sulfur binding ave

the free carboxyl group of N-methionine, which is known to be a

relatively weak fie1d>liganda However,

the use of N-

“methionine amide as well as N-methionine methyl ester yields

virtually identical spectra at the saturating ligand

concentration {results not shown).
methyl ester, the Soret maximum occurs

near 404 nm, but this may be because a

the case of N-methionine
at a shorter wavelength,

different solvent medium

(50% ethylene glycol/HZO) has been used to increase solubility.

An analysis of the titration curve for N-methionine methyl

ester binding in 50% EG/HzO‘at room temperature at the Soret

band maximum also yields approximately

90% ligand binding at

2.5 M ligand concentration.  DMS, in addition to being a good

organic sulfur ligand representing methionine,lacks the free

carboxyl group. It has stronger binding affinity .and is more

soluble than N-methionine in 80% DMSO/Han However, the

resulting spectra of the DMS-H8PT complex in both aqueous

and 80% DMSO/HZO (Figs 1 and 2) do not

resemble that of
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cytochrome ¢. The origin of the intense band near 638
nm is not clear. If it is a charge transfer transition of
porphyrin w to iron dn type, the intensity of the 638 nm band
should be weaker than that of the 625 nm band in the N-
methionine complex. This is probably because the charge
transfer band borrows intensity via configuration interaction
fr@m.the visible m1® transition (QOQO)ﬁ the extent of which
depends on the energy separation between the two transitions.
The drastically reduced Soret intensity and its peculiar
time-dependent behavior suggests that attack has been made on
“the porphyrin v system (Fig. 2). Cyclic organic sulfur
ligands, such as tetrahydrothiophene or p-dithiane, also do
not eghibit spectral features characteristic of cytochrome c
{resuits not shown). Furthermore, the solubility of these
ligands is limited even in non-aqueous medium. Thus, we
believe that the organic sulfur ligands cannot be substituted
for N-methionine and that an aqueocus solvent medium most
closely reflects the environment of tﬁe heme in the active
cytochromes.

The MCD studies of ferriec heme and hemoproteins have
established that the origin of the Soret MCD spectra is
predominantly paramagnetic, i.e., the ground state is spin
degenerate, in contrast to the optical spectra whevre the
porphyrin mrn® transition dominates (15,25). Low spin
complexes are found to exhibit much stronger MCD than high

spin complexes. This may be explained on the basis of
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spin-orbit coupling, although rigorous theoretical treatment
has not been done. A first derivative Soret MCD band shape
in low~-spin ferric heme complexes appears to be a Faraday A
term, but temperature-dependent MCD has shown it to be a
superposition of two closely spaéed C terms of opposite
‘sign (25926)a The mechanism that is consistent with the

- observed MCD involves spin-orbit interaction between the
circular orbital motion of a porphyrin 7 electron and the
non-zero spin density at the paramagnetic iron (25), It is
evident that the spin-orbit coupling must be important in
the excited state, because the porphyrin 7% orbital is
doubly degenera%ee Weak MCD in high spin complexes is
believed to reflect the difference in the extent of spin-

.
ARt Ao
P21t 20O

.
nlan nragimahlsy Awin
upling, presumab.ly Wl

1g to the out-of
spin iron positiens‘ Because C term effect arises from the
paramagnetism of iron, the Séret MCD intenéity is intrinsically
very sensitive to the spin state of iron. In fact, in ferri-
myoglobin complexes the intensity is found to be linearly
proportional to the percentage of low spin form. The MCD
spectral results shown in Table II indicate that in general,
the magnitude of Soret magnetic ellipticities of the ferric
N-H8PT éomplexes is in(géod accord with the values of thé
corresponding hemeprotein derivatives. Howe&ar9 the fluoride
complex exhibits a much stronger MCD than the ferrimyoglobin-
fluoride complex (Ae/H = % 6). The observed intensity is

not due to a low spin contaminant, because the absorp%ién
spectrum recorded after each MCD measurement indicates

fluoride complexation. In addition, the spectral band shape
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ig distinct. Its MCD zero crossing is red shifted by more
than 10 nm from the Soret absorption maximum. Careful
temperature dependent MCD measurements will be useful for
further analysis. The Nemethionine complex also exhibits

a strong MCD, even larger than that of cytochrome c. This
‘is not due to narrower band width of the N-methionine
complex. 'Thus, this effect is not consistent with the

- absorption data if the observed intensity is taken to represent
the amount of low spin form. A large Soret MCD may simply be
associated with the large extinction coefficient found in the
N-methionine complex (Table I). Tn our model complexes it
may also be that Faraday A and/or B term contribution turns
out to be rather significant due to the différent local |
environment at the heme site.

The visible MCD spectra consist of anvA term associated
ﬁith the QOmO transition and overlap of weak C terms associated
with the visible charge transfer transition [alu¢eg(dﬁ)] (16),
Because the position and intensity of the visible charge
transfer band are known to be sensitive to the electronic
structure of the porphyrin 7 system via configuration
interaction (30), the detailed MCD spectral features in that
region probably reflect the chemical nature of the axial
ligands. However, as can be seen in the low spin derivatives
of cytochrome ¢ (Figeyll)g for example, only subtle differences
are found in their band eﬁtrema9 intensities and zero
crossing (16). Cytochrome ¢ 1s known to underge a low

spin to low spin transition with a pK value of 9.3, so that
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Figure 11. The.visible magnetic circular dichroism spectfa
of ferric cytochrome ¢ at pH 7.0, pH. 11.0 and in the
presence of imidazole ligand all of which are of low

spin type.
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at pH 11.0 lysine isg probably the sixth axial ligand (27-30),
In the. lysine complex the main distinction seems to be that
:,ﬁhe 480 nm band is blue shifted by 4-5 nm while the A term
trough is decreased in intensity. In the bis-imidazole
complex, on the other hand, the intensity ratio of 550/480
band is greater than 1.0 and the 480 nm band éppears broader
in addition that its minimum extends to zero MCD. In view
of these obsepvations it seems reasonable to assume that
methionine acts as one of the axial ligands in cytochrome =
(Fig. 7). This is also consistent with the absorption evidence
of having the 690 nm band, which is believed to be iron to
sulfur charge transfer transition (31). The aésignment of the
unknown ligand in cytochrome f is difficult. The intensity

of the A term trough ig weak and the 4%80 nm band is blue
shifted, as in. the case of cytochrgme ¢ at pH 11.0, which
suggests lysine coordination. However, the spectral

features are also in reasonable agreement with those of
NwMéthSPT complex. The absence of a 690 nm baﬁd appears to
favor lysine coordination. Furthermore, the low temperature
EPR sgspectrum of cytochrome f exhibits g, = 3.51 which compares
well with the lysine complex g, value of 3.40 (unpublished
results). Further investigation of the redox properties and
pH dependent variations of the optical and MCD spectra will
provide complementary information regarding the nature of the
ligand in cytochrome f. Temperature depéndent MCD studies

by Yoshida, et al. (23) on the band appearing near 630 nm
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with a weak trough (Ae/H = -2.0) in aquo-ferrimyoglobin and
hemoglobin have shown that the A and B terms dominate that
.regiena which is consistent with the view that the near

IR charge transfer transition is porphyrin m to iron dm and
is characteristic of a high spin form. However, the N-Met-
N~H8PT complex shows no MCD trough in that regionAalthough a
small decféase of the MCD intensity is observed. This is
not consistent with what we fiﬁd in the absorption spectrum
where the intensity of the charge transfer band corresponds.

to about 35% high spin state (Fig. 3). .
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CHAPTER V
PARAMAGNETIC SUSCEPTIBILITY AND ESR SPECTRA

OF THE COMPLEXES OF N-H8PT
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CHAPTER V
A. INTRODUCTION

In the preceding chapter, the discussion has been mainly
focused on the electronic structure of the heme in the ferric
N-H8PT complexes. From the absorption and MCD spectral
measurementsg some semi-empirical carrelationé of the magnetic
properties of iron with the electronic structure of porphyrin
have been developed (1-10). More quantitative conclusions
had to be postponed, however, because the observed intensity
and position of the bands that are sensitive to the structural
changes of the local heme environments are not from pure
electronic transitions. Many overlapping bands aﬁe known to
appear in the visible region, and the transitions are known
to be mixed via configurdtion‘interdciion (). For exampile,
it is uncertain whether the presence of the residual 625 nm
band in the absorption spectrum of the N-Met-N-H8PT complex
is indeed due to thermal spin equilibrium between high and
1owhspin states. It may alternatively arise from the thermal
mixture of two chemically distinct species, one with the
high spin ground state and the other with the low spin ground
state, each with no thermal spin equilibrium. In addition,
the possible presence of an intermediate spin ground state
(8= 3/2) or quantum mechanical admixture of spins (see Chapter
II) can not be excluded. Our objéét in this chapter is to
present evidence to verify the spectral observations by
direct measurement of paramagnetic susceptibility and electron

spin resonance (EPR)S the two complementary techniques for
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monitoring the magnetic behavior of iron in hemeproteins.

As has been discussed in Chapter II, the existence of thermal
spin equilibrium is common in ferric hemoprotein derivatives
(3,5,11-14). The thermodynamic parameters involved in such

a spin transition can be determined from the temperature
dependence- of the paramagnetic Susceptibility'near the room
temperature region. On the other hand, the ground spin state
can be easily revealed by the low temperature EPR spectrum or
by the direct measurement of susceptibility at low temperature.
However, the intgrpr@tati@n of the susceptibility measurements
may be complicated owing to non-Curie behavior arising from
spin-orbit interaction in both high and low spin states.

(For details, see Chapter Iia) Low temperature EPR is a
remarkébly powerful té@l for the structural Studieé of
hemeproteinsa Its inherent sensitivity is cépable of
differentiating chemically distinc% species found in

slightly different local heme environments. In addition,
the.anisotrépy of g tensors not only reflects tﬁe local
symmetry of the ferric ion but also contains information
regarding the extent of mixing of the excited states into

the ground state via spin-orbit interaction (2,15-19).
Furthermore, the existence of a quantum-mechanically admixed
spin ground state is distinguishable (20-22), The limitation
of the EPR technique is in the high temperature region

where the EPR spectra of hemeproteins are not measurable,

owing to very efficient spin-lattice relaxation mechanisms.
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Thus, susceptibility measurements in the high temperature
region become essential for a unique interpretation of the
observed magnetic behavior.

| The room temperature magnetic measurements of the ferric
NEHSPT‘complexes with various external ligands at pH 7.0 have
been carried out by the NMR method of Evans (23“25)1 The
use of this teéhnique over the conventional Gouy balance
method has three additionél advantages: 1) It requires
less than 0.2 ml solution at concentrations of a few mM:
2) The temperature control is easily monitored; and 3) The
measurement is simple and fast. The percentage of the low
spin state estimated in each complex under the.assumption of
thermal spin equilibrium is found to be consistent with both

el ~ e o= o
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NwMetéNwHSPT complex, the temperature dependence 6f the effec-
tive magnetic m@mént (-5 to 40°C) yields linearity between

in K vs 1/T for a high spin = low s?in transition.

Corfespohding AH® and AS® values are found to be -7.46 kcal/mole
and =25.94% e.u. after correcting for the thermodynamic
contribution due to temperature dependent ligand binding.

The EPR spectra obtained at 11°K indicate a low spin ground
state with g, = 2.91, gy = 2.31 and g, ° 1?51 for the N-Met-
ﬁwHSPT complex and a high spin ground state with g = 6.03

and g - 2.01 for the aquo complex of the N-H8PT. The
possibility of having a third species with a high spin ground

state, in the N-Met-N-H8PT solution, such as the bis methionine
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complex, is excluded also by the EPR evidence. From the
observed g values of the N-Met-N-H8PT complex we estimate
that the axial distortion corresponds to 1200 mel while

2

rhombic distortion corresponds to 780 c:m;l within the °T

2g
set. These values differ significantly from the values found
in native. cytochrome ¢ (19). A possible change in Fe-S
chemical bonding is suggested as a model to account for

the electronic structural difference found in the model

complex of cytochrome c.

B. EXPERIMENTAL

Materials

The ligand solutions were prepared as described in
Chapter IV, and typical heme concentrations used for both
magnetic and EPR measurements were in the range of 1 to 2
mM. Ferrvimyoglobin was from Sigma and was used after it was
~fully oxidized by the addition of ferricyanide followed by
filtration on a Bio-Gel P-2 column.

Methods

NMR spectral measurements were carried out on a Varian
A-60 NMR spectrometer with a V-6040 NMR variable temperature
controller. The sample cells were precision-made coaxial
tubes from Wilmad Glass Co. Inc. (Cat No. 517). EPR
spectral measurements were recorded on a Varian E-9 EPR
spectrometer in an X-band region with a cryostat probe (Air

Products Corp.).
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Paramagnetic Sugceptibility Measurement

The method is the NMR technique developed by Evans (23).
It is based on the principle that the position of a given
proton resonance of a molecule is dependent on the bulk
susceptibility of the medium in which the molecule is found.
The mass'susceptibilitys X; (Eq. 1), is direétly related
to the difference of the proton resonance lines of a
reference material in the presence and absence of the

paramagnetic species.

(1)

27wf m
o}

- where m is the concentration of the paramagnetic substance
in g°mlﬁl; fo9 the frequency of the spectrometer; Af, the
shift in frequency of a retference molecule; X o2 the mass

susceptibility of the solvent; and ds .. and d the

olv soln’
densities of solvent and solution, respectively. In our
experiment 3% acetone solution in 0.1 M phosphate buffer at
pH 7.0 was placed in the annular sectiom of the cell and
the identical selution containing the N-H8PT complexes in
the order of mM concentration was placed in the inner tube.
Fig. 1 shows the NMR spectra of 3% acetone in thé presence
of fluoride (weak field ligand), Nwmethiénine or imidazole
(strong field ligand) complex of the N-H8PT. The heme
concentration of each solution was about 1.5 mM. The peak

‘at low field is the acetone resonance from the buffer

solution and the small peak at high field with variable
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Figure 1. The NMR spectra of acetone in the presence of
ferric N-H8PT complexes with imidazole N-methionine

oy fluoride.
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signal intensity arises from the sample solution. As can
be seen, the magnitude of the frequency shift decreases as

a function of ligand field strength. The molar susceptibility,

Xy (Eq. 2), was obtained by multipli cation of Xg by the

molecular weight of the heme peptide.

. SAf 3,
Xy = ZTTfQM x 107 + y (2)

where M is the concentration of the heme peptide in molee%mls

The (d_ ., =d ) term was neglected since only dilute solutions
solv "soln

were used. The value of X? was taken to be the molar suscep-

1

tibility of water (~13 x 1070 erg e ). was then

Xy
corrected for the diamagnetic contribution of the heme
peptide. Diamagnetic susceptibility of a molecule may be

written:

vdia A |
= +
mol § RiX g Le (3)

where the molecule contains n. atoms of atomic susceptibility
(i.e. per gram atom), X5 and € represent "constitutive®
corrections which take account of such factors as the
existence of mw-bonds (26), Much work on this additivity of
atomic susceptibilities is due to Pascal, thus the quantities
are commonly referred to as Pascal'’s constants. Using the
table given by Selwood (27), the diamagnetic contribution of
the N-H8PT was estimated to be -7i2 x 106 erg G$2Mml, The

effective magnetic moment, Hopp Was obtained by the following

relation
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2 _ 3kT corr
Verr 7 (02 XM ()

where B is the Bohr magneton and N, Avogadro's number.
Complexes giving rise to intermediate values of Hops between
the high and low spin forms can be analyzed on the basis of
thermal equilibrium. At equilibrium
K
high spin = low spin (5)
(1~a) (a)

where o is a fraction of low spin component (% low spin) and

K is the equilibrium constant. Hopf is given by
K= a/(l - a) (6)

U

L5

) 2

5

T PRSI = [T T & o] O - R R
O clliul 1O iulcdue i)u;i' Ly LUW DL il

- R e moa T - P e
ere SULLCrlLpPTs

-
4]

purely high spin states, respectively. o was determined

using the values of p?s and ugsas 5 and 35 in units of
4 Tl .

" Bohr magneton, respectively. The dependence of uiff on

temperature permits evaluation of AHO and AS° for a high

spin ¥ low spin transition from the Van't Hoffequation.

AH?
"R

AS®
R

4
In K = (%E + (8)

Nickel chloride (NiC1?§ solution which has Xg of

3 x 107°

at 20°C was used to calibrate the NMR spectrometer.
The concentration of nickel was determined gravimetrically
by precipitation with dimethylglyoxime (28), Peak sepération

between the methyl and hydroxyl proton lines of methanol was
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used to monitor the temperature of the probe. The validity
of the technique.was tested with ferrimyoglobin derivatives.
The diamagnetism correction for myoglobin was determined by
measuring the frequency shift of the ferrous myoglobin-
cyanide complex (s = 0}, |

Analysis of Thermal Spin Equilibrium

According to the method of analysis derived by Iizuka
and Kotani (12), the observed AH® and AS° values for a
high spin = low spin transition can be explained in terms of
the énergy differenoe between the two spin states and of
the effective statistical weight factor associated with
the transition. If the high and low spin Statés are populated
according to Boltzmann statistics, the fraction of the low

?

spin state, a, is given by

o ewEL/RT
- . L .
o o-EL/RT |~ _-EQ/RT (9)
| Y1 “H
where EL and w; are the energy and the effective statistical
weight for the low spin state, respectively, and EH and Wy

are the corresponding values for the high spin state. If
only the spin degree of freedom is considez’ed5 wH/wL would
be 3, because the spin degeneracies (2s + 1) are 6 and 2 for
the high and low spin states. In a real molecular system,
however, it is important that otheyr degrees of freedom

associated with the spin degeneracy change are taken into

consideration. Thus, a new parameter y is introduced such
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that wH/wL = 3y. If e is defined as the energy difference

between the high and low spin states (g = By = EL)9 o and the

equilibrium constant, K, are given by

~e/kTq=1 (10)

2
i

[1 + 3ye

K mlee/kT

o/ (1l - o) = (3y) (11)

i

By substituting Eq. (11) into Eq. (7), and assuming that ¢
and vy are independent of temperature, the following relation

is obtained for the enthalpy and entropy terms:
AH® = -Ne _ ' (12)

AS®°

1
2
=
~
P
o]
[#8]
-
Fan
ﬁ*—J
w
Seonse

T

oltzmann constant.

¥

where N is Avogadro's number and k isg the
Now, if the effective magnetic moment is expressed in terms

of € and Yy, by substituting Eq. (10) for Eq. (6),

y? + 3y@e%€/kT . uQ‘
pl.. = & H (14)
eff L+ 3y . oFe/KT

The - sign of e/kT correspohds to € > 0 and the + sign,
g ¥ 0. In the case of € > 0, the low spin state is the ground

state; 1.e., uiff approaches ui at the low temperature limit

2 2 2 . 2
and Hogg = M ¥ SYQUH/(l + 3y), which approaches'yﬂ at the
high temperature limit (if vy << 1). The temperature at which

AG® = 0, the characteristic temperature, TQ3 may be physically

e s , _ - 2 - 2 2
significant, because at T = T _, a = 1/2 and Hoge & (up, * uH)/Z

only if € > 0 and v »>> 1 or € < 0rand vy << 1.
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C.  RESULTS

Figure 2 compares the percentage of the low spin state
in ferrimyoglobin derivatives as determined by the NMR
method with the literature values measured using a Gouy
balance or optical method at room temperature (395ﬂ
A straight line with a slope of 1 that infersécts at the
origin is evidence of good agreement between the two
methods. Table I summarizes the effective magnetic moments

0,

and estimated % low spin (Eg. 6) of the ferric N-H8PT
complexes at pH 7.0, 25.0°C. In general, these results are
as predicted by ligand field strength considerations. The
fluoride and aguo complexes exhibit slightly réduced
magnetic moments compared with those expected from the spin
only value for the high spin state, i.e. 5.9 (L However?
the reduced Valuelof Horg for the aquo complex, 5.4 Mo is
comparabie to the reported values for the acid pH H11PT and
H8PT, whi@h range from 4.8 to 5.3 “Bl (29), At pH < 3.0,
all‘of the N~terminal amino groups are protonated so that
they do not induce aggregation; Nevertheless, the observed
magnetic moments of the H11PT and H8PT are smaller than the
high spin value. This has been attributed to weak anti-
ferromagnetic coupling between the heme centers via 1 donopr-
acceptor type interactions (30,31), As has been discussed
in Chapter IV, the aquo complex of the N-H8PT at high heme
concentration also seems to participate in w donor-acceptor
type interactions: the absorption’ spectral results show that
the Soret transitioh is split, with one of the maxima at

the monomer position (Fig. 3A, Chapter IV) which is distinct
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Figure 2. The percentage of low spin states for ferrimyoglobin
derivatives determined by the NMR method is compared with

the literature values (3,5).
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TABLE T

PARAMAGNETIC SUSCEPTIBILITY OF Fe (III) - N-H8PT

COMPLEXES MEASURED BY NMR AT 25°C

) Heme Conc. xOorT o103
Ligand (mM) AE M Hefs % Low Spin
Fluoride 1.84 2.75 12.62 5.48 16
Water 1.85 2.70 12.34 5.42 19
Hydroxide 1.49 1.30 7.67 4,28 56
Azide 2.37 1.30 5.10 3.49 76
N-Methionine 2.11 1.60 6.79 4u02v 63
Cyanide 1.82 0.60 3.35 2.83 90
Imidazole 1.72 0.40 2.58 2.48 96
Cytochrome c* ---- - ---- 2.30 160

XBL 786 - 4011
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from exciton resonance splitting. In fact, the observed
magnetic moment is consistent with the view of having weak
anti-ferromagnetic coupling. The reduced magnetic moment
of the fluoride complex is most likely due to the same effect.
The absorption spectrum of the fluoride complex that haé been
used for the magnetic measurehent shows a single Soret peak
but its.band width is broad and the position is blue shifted
to 388 nm. Furthermore, the near IR charge transfer band is
also broadened and occurs near 610 nm, which is red shifted
by about 5 nm. This suggests that fluoride is not ligated
conmpletely, and some of the aquo compiex still undergoes
m donor-acceptor type interactiono

The N-Met-N-H8PT complex.shows ueff of 4.0 Hg» much
larger than the expected low spin value of native cytochrome
c (2.3 UB)e The temperatufe dependence of Uiff for the N-
methionine complex yields a linear relation between &n K
“and 1/T, where K is the equilibrium constant for a high
spin (S = 5/2) = low spin (S = 1/2) transition (Fig. 3),
Corresponding AH® and AS° values are found to be =8.,0 kcal/mole
and -25.2 e.,u., respectively. However, the analysis of the
spectrophotometric titration for N-methionine binding has
shown that, at room temperature, 10% of the N-H8PT remains
ligand unbound at 2.5 M ligand concentration (Chapter IV).
Thus, the observed AH® and AS® values include thermodynamic

contributions from temperature-dependent ligand binding.
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Figure 3. A plot of 4n K versus 1/T for a high spin to
low spin transition in the N-methionine complex of

N-H8PT as determined by the NMR method.
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However, this effect is expected to be rather small because
the equilibrium quotient for N-methionine binding is a
small number (Q = 3.2) and already 90% ligand is bound at
2.5 M N-methionine concentration at room temperature. Fig.
4 shows a plot of &n Q versus 1/T where each value of Q is
determined from the titration'curve at each temperature, as
in Figf.S; Chapter IV. Corresponding AH® and AS° values
are found to be -0.44 kcal/mole and 0.74 e.u. The azide
complex of ferrimyoglobin yields AH° = -3.75 kcal/mole and
AS° = =10.7 e.u. as measured by the NMR method (results not
shown). These values agree very well with the reported
values of AH® = -3.75 kcal/mole and AS°® = =9.6 e.u. confirming
the Qalidity of the temperature dependent magnetic
measurements by NMR.

Figure 5 shows the approximately linear dependence of the
Soret absorption maximum on the percentage of the low spin
form of the ferric N-H8PT complexes. Such linearity has
been observed in ferrimyoglobin and ferrihem@globin complexes
(32). It can be expléined on the basis of the position of
iron with respect to the porphyrin plane. The existing x-ray
evidence supports the movement of iron out of the heme plane
towards the proximal histidine ligand in the high spin
ferrimyoglobin complex (33,34), Then, destabilization of the
porphyrin 7% orbital due to doming effect of the heme plane

may explain the blue shifted Soret transition. If we assume
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Figure 4. A plot of &n Q versus 1/T where Q, the equilibrium
quotient for N-methionine binding, is determined from

the titration curve as given in Fig. 8 of Chapter IV.
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Figure 5. A plot of the position of the Soret absorption
maximum versus the percent low spin form for various

N-H8PT complexes as determined by the NMR method.
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that thé'SQr@t band results from direct overlap of pure high
and low spin bands, we expect to observe an approximate linear
correlation between the position of the Soret transition and %
Low spih (35). Except for the imidazole and N-methionine
complexes, we do observe such a correlation. The intensity of
athe 8 band is believéd to be low spin in origin (see Chapter II).
Williams, et al. (5), have demonstrated that the true B band
intensity obtained by curve resolving the spectra into

Gaussian bands depends linearly on susceptibility. Even
without such extensive treatment, the observed B band intensity
of the N-HEPT complexes still exhibits a linear dependence

[}

on % low spin (Fig. 6). Deviations are found for the aquo-

and N-methionine complexes. Briat, Berger and Leliboux (12, Chap

T B N B oY B
have establisched fr

WA

et

om the temperature dependent Scret MCD
'measurement of cytochrome bz (down to ligquid helium temperature)
that the origin of the Soret MCD intensity is predominantly
paramagnetic and low spin in nature. This suggests that a
linear rvrelation exists between the Soret MCD intensity and
% low spin. Fig. 7 shows such linearity even for the model
complexes. The hydroxide, azide and N-methionine complexes,
however, do not fall on the straight line. Although the
reason for this discrepancy is not clear, it is assumed that
additional transitions occur in the Soret region of such
complexes.

Fig. 8 shows the EPR spectra of the ferric H8PT, N-
H8PT, N-Met-N-HB8PT complex and cytochrome ¢ at pH 7.0, 15°K.
The spectrum of the aggregated ferric FSFT shcows both high

and low spin signals., The low spin signal exhibits g, = 3.17,

Iv
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Figure 6. A plot of the B band intensity at 528 nm versus
the percent low spin form for various N-H8PT complexes

as determined by the NMR method.
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Figure 7. A plot of the Soret magnetic circular dichroism
trough intensity versus the percent low spin form for
various N-H8PT complexes as determined by the NMR

method.
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Figure 8. The electron spin resonance spectra of the
aggregated H8PT, N-acetylated H8PT, N-methionine
complex of N-H8PT and cytochrome ¢ in a ferric
state. Microwave frequency, 9.26 G Hz., Microwavebpower3
10 mW, modulation frequency, 10 Gauss and temperature,

159K,
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vgy = 2,13 and g, °© 1.83, and is rather broedened, indicating
the presence of multiple low-spin heme components. This is
expected because a higher degree of aggregation is known to
exist at high heme concentration, as evidenced by the lack

of isosbestic and isceliiptic points (Fig. 2, Chapter IV).

The b?oadened low=gspin type spectrum has also been

~observed with the aggregated ferric H11PT, which exhibits g
values at 3.03, 2.16 and 1.46 (38), The aquo complex of the
ferric N-H8PT exists in the high spin ground state with g =
6.03 and g = 2.01. There is a small amount of the low spin
form With g, * 2995 and &y = 2.32 (g, not resolved). This

is probably the hydroxide complex of the N-H8PT. 1In fact

it
[
°
W
w

the N-HBPT at pH 11.5 shows g = 2.95, g = 2.28 and g,
The s1lightly
in part, have been due to the hydroxide form. The N-Met-N-
HEPT complex exists in the low spin ground statevwith g, =
2.9, g = 2.31 and gy °© 1.51, which are quite different

from the g values of cytochrome c (gz = 3.03, gy = 2.24

and g, = 1.25). The abscence of an apparent'g% signal between
L and 6 clearly excludes the possibility of having the
intermediate spin (S = 3/2) or quantum-mixed spin (between

S = 5/2 and S= 3/2) ground state (22), However, a minor high
spin component with g = 6.03 coexists at 11°K where thermal
population of spins is not possible. The shape of this’
high spin signal corresponds to a single component, which

must be a chemically distinct species from the N-Met-N-H8PT
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complex. We believe that it is the ligand-free form of the
N-H8PT, because the position of the g, gsignal is identical

to that of the aquo complex. Should this be the caSea

and if we assume that the room temperature ratioc of the N-
methionine bound to the unbound is independent of temperature,
then the high spin component would correspond to about 10%

of the total heme concentration (see Chapter IV). We

estimaté the minor high spin component to be 12% by direct
comparison of the doubly integrated area of the g, signal

using the aquo complex of the N-H8PT of known heme concentration

. as a standard (results not shown).

D. DISCUSSION

The room temperature magnetic measurements have demonstrated
that there is a close correlation between the electronic
properties of porphyrin and magnetic properties of iron even in

the model complexes. For example, a linear dependence of the

%

Soret band position as a function of % low spin has been
shown in Fig. 5. The energy of the Soret transition which
reflects the energy level of the porphyrin 7% orbital depends
not only on the position of iron with respect to the heme
plane but also on the exten{ of 7 interaction between the
ligand and porphyrin ring. In fact, the N-methionine and
imidazole complexes that deviate from linearity contain w
ligands:; imidazole is a good w donor ligand, while N-

methionine is a w acceptor ligand. Furthermore, the specific

protein conformation of each heme protein exa2rts a tension to
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constrain the ligand into a certain geometry. In our N-

H8PT complexes practically no such steric restriction exists.
This may be one of the reasons why the Soret band position of
all N-H8PT cémplexes is blue-shifted compared to corresponding
hemoglobin and myoglobin derivatives (6), The different extent
of solvation in the N-H8PT complexes may also contribute to
the shifted Soret band position. As discussed in Chapter II,
the Soret MCD spectra of hemoproteins are extremely useful
f@f the assignment of oxidation and spin state changes
independently of each other. In the oxidized state, the
Faraday C term which dominates the Soret region arises from
spin-orbit intéraction_of the non-zero spin density of dm
electrons with porphyrin m orbital motion. If mixing of dm
with porphvrin m orbitals is considered, the wavefunctions
‘'should be the product wavefunctions between the two. Then
the Soret transition for the low-spin heme corresponds to
g s 25 , while for the high spin heme it is 6A > SE .

g u lg u
Obviously, spin-orbit interaction is important in the low
spin case where the ground state symmetry shows orbital
degeneracy. It has been shown by Serber (37) that without
spin-orbit coupling the spin magnetic moment alone does not
contribﬁte to magnetic optical activity, because after
summing over all multiplet components the net effect from

the spin magnetic moment vanishes. Because the high spin

ground state 1s orbitally non-degenerate and is split only
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by the second order spin-orbit coupling, it would exhibit
weak MCD C term effects. The empirical observation for
ferrimyoglobin derivatives has shown that the intensity of

2

Soret MCD is directly proportional to % low spin state. Our
N-H8PT complexes provide additional evidence in support of
"this semi-empirical finding (Fig. 7).

The behavior of the N-~-Met-N-H8PT complex is atypical in
every case examined.. This reflects the uniqueness of
chemical bonding and perhaps the difference in the geometry
of the bound N-methionine with respect to the heme plane.
How do we account for this in terms of the observed magnetic
properties? Aécording to the analysis of the thermal
equilibrium of spins given by Iizuka, et al.(l2), the
enthalpy term (AH®) corresponds to the energy difference (g)
‘between the high and low spin states, while the entropy term
(AS®) corresponds 1érgely to the change of other degrees
of freedom (y) associated with spin degeneracy change. .The
observed energy difference is 2638 em™' for the N-Met-N-H8PT
complex. The positive sign is consistent with the low
spin ground state but its magnitude is apparently much
greater than kT even at room temperature. Table II
summarizes the thermodynamic data for ferrimyoglobin, hemo-
globin and peroxidase derivatives in the literature (11-13),
In fact, most derivatives exhibit energy differences much
greater than the room temperature kva: 200 mel)e Nevertheless

3

they all exhibit thermal equilibrium of spins at room temperature.
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TABLE IT

THERMODYNAMIC PARAMETERS OF THE HIGH SPIN (s = 5/2) LOW SPIN (s = 1/2) TRANSITION FOR Fe(III)-MYOGLOBIN,
' Fe(III)- HEMDGLOBIN Fe{II1)-PEROXIDASE and Fe(III)-N-H8PT COMPLEXES

GROUND € 4 Y HC 1 85°(e.u.)q T
COMPLEX STATE (cm ) (cal-mdole ™) (cal- mole . (°K)
degree™1)
Mb(Fe>") -H,0  High 1270 3.05-107°  +3640 +9.39 388
Mb(Fe”')-OON"  High 1061 8.53-107%  +3034 . +11.9 254
b (Fe>™) N
(crystad) Low #1280 5.33-100  -3660 -10.2 361
Mo(Fe® ) e, Low £1310  4.01-100  -3740 ~9.58 391
b (Fe™) o Tn Low 3783 4.12.10° -10820 -32.7 331
Hbee ) “H,0(II) Low w211 0.227 608 +0.765 .
Hb(Fe } 00N Low +249  0.328 712 +0.0142 -
Hb (Fe>t) -0 Low +655  4.20 ~1886 S 507 372
Vb{Fe5+)wV3° Low 41770 3.02-10° 5094 -13.62 374
CCP(fe ) “H,0%  High 21230 5.59-10°%  +3510 +12.8 274
cop(rey O* Low 41830 2.58-10%  -5220 -22.5 232
N-H8PT-N-Met Low #2638 1.60-10°  -7560 -25.9 292

*(CCP, cytochrome ¢ peroxidase.

The data for Fe(IlI)-myoglobin, re(“K ~hemoglobin and Fe(I1I)-peroxidase were taken from Iizuka and
Kotani, Tizuka and Kotani, and Iizukz et al., respectively.

XBL 786 - 4010
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For this to be true, the entropy term must be very large to
&ompensata for the 1argeventha1py change. Such a compensation
effect has been demonstrated for ferrimyoglobin and hemoglobin
derivatives by Tizuka, et aia (13), as shown in Fig. 9. As
expected, vy is found to be proportional to &, such that the
characteristic temperature, TCS at which AG® E 0 (i.e., where
the ratio of high spin to low spin state is 1) falls near
room temperature. Surpri&ingly, the N-met-N-H8PT complex

also exhibits such a compensation effect (Fig, 9). Im

other words, the transition from the low spin to high spin
state is not favored energetically but ié favored by the
entropy difference. This suggests that the enﬁropic

driving force which may be associated with the movement of

. .
iron in and out of the heme plane,

[
ST e LD 9

Qonformaficnal rearrangement or solvent interactions is not

in the protein‘ccﬁformation but muét be an intrinsic property

of the electronic structure of the heme. Interestinglys

both imidazole and azide complexes of cytochrome ¢ do not
exhibit any thermal equilibrium of spins between 20°K and

300°K (38), This leads us to speculate that perhaps the
hemeproteins with the low spin ground state, such as cyto-
chromes involved in electron transport, do not exhibit thermal
equilibrium of spins; while those with the high spin ground
state do, even if the strong field axial ligands are coordinated.

The hemes of cytochromes are already hexacoordinated and
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Figure 9. A plot of AS® versus AH® for a high spin to low
spin transition for various complexes of ferrimyoglobin
and hemoglobin, and the N-methionine complex‘of N-

T ATy R
nor.tL.
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exist in such a stable state that they may not want to lose
the ligand to undergo a spin state change. This may be

true becausg the physiological function of cytochromes do
not require axial ligand substitution, but transfer
electrons by changing the redox state of iron. Oﬁ the
other hand hemeproteins with a high spin ground state, such

as hemoglobin, myoglobin, peroxidase and cytochrome a all re-

33
quire 02 binding and subsequent spiﬁ state change to trigger
the catalytic reactions. Cytochrome P450 is an exception.

Although cytochrome PH50 also requires 0O, binding for its

2
catalytic reaction, the resting enzyme is found to be in the
low spin state. However, it does undergo spin state change
upon substrate binding by some unknown mechanism (34-41).

0 hanAds b
Vz N.&&&\A.L‘Ahb e

eved tc fellew the substr
‘which is consistent with our thermodynamic point of view
(42,43), In this regard it seems reasonable to assume that
the hemes with a high spin ground state have an intrinsic
ability to compensate for the large energy involved in the
spin state change accompanied by ligand binding. Indeed,
such a mechanism is a desirable one, because then only a
small free energy change is necessary for ligand binding
on and off at physiological temperature.

The uniqueness of the N-Met-N-H8PT complex has also
been observed in the low temperature EPR spectrum. It

exhibits a very different anisotropy of g values from that

- of native cytochrome <. The EPR spectrum of low spin hemes



202

arises from the lowest Kramers doublet (zEg)3 as indicated in
ﬂ Fig. 12, Chapter II. Although the ground state is no longer
orbitally degenerate, due to axial and rhombic crystal fields,
it still contains the residual orbital magnetic moment due to
mixing of the upper Kramers doublet states via spin-orbit
interaction. It is this spin-orbit interaction which induces
aniééfropy of g tensors. By examining the ground state wave-
funection, which is a linear combination of the three states in
ZTZg (Fig. 12, Chapter II) one can actually calculate the energy

separations within the zT set (15). Taylor (19) has carried

2g
out extensive calculations on this using spin-orbit coupling
constant (A), axial (A) and rhombic (V) distortion parameters.,
He has found that the axial splitting, A/A, corresponds to

B - (A/2), and the rhombic, V/A, to A where A is defined as
'gx/(gz%gy) + gy/(nggx)and B = gx/(gz+gy) + gz/(gymgx)“ If A
is assumed to be 400 cmwl5 the values of A and V correspond to
1020 cmml and 600 Qmal3 respectively in the case of cytéchrome c.
This is somewhat different from the reported values by Blumberg
(16). Interestingly, the axial distortion is much greater in
the N-Met-N-H8PT complex (1200 cmml) than in cytochrome c (Fig.
10). The extent of rhombicity which is defined as the ratio

of vhombic to axial distortion, V/A, is also different

between the two. While the axial distortion reflects the
crystal field strength determined by the electron density

at the iron, the rhcmbic‘distortion reflects the geometry of
the bound ligand with respect to the heme plane; i.e., thé
extent of 7 interaction between the ligend and heme. In

view of” this, we propose a model involving a change of
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Figure 10, The energy splittings of the axial and rhombic
distortions in the 2T2g set for cytochrome ¢ and the

N-methionine complex of N-H8PT,
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Cytochrome ¢

XBL787-4072
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Fe-S distance in the N-Met-N-H8PT complex. The greater axial
distortion indicates stronger érbital overlap between the
axial ligands and the iron. If we assume that the Fe-N
distance remains constant, then shortening the Fe-3 bond
length would certainly account for the observed effect.

The change in axial chemical bonding is closely correlated
with the redox properties of hemeproteinss If there is a
stronger orbital overlap, the ferric form will become mére
stabilized because of greater electron density at the iron.
This may result in a shift of the mid-point reduction
potential, Emgwto a lower value. Indeed, the Em of horse heart
cytochrome ¢ is + 250 mV while that of NmMethwH8PT complex
is = 50 mV (44), Thus, we believe that with‘a given spin
state and axial coordination, one of the ways of controlling
a wide variation of mid-point potential is through the
éhange in the extent of orbital overlap between the axial
ligands and iron and in the geometry of the bound axial
ligands. Our model is consistent with the view préposed by
R.J.P. Williams (45) that an approximate 0.1 8 shortening

of the Fe-S bond would correspond to a decrease in redox
potential of approximately 400 mV. This is evidenced by the
NMR chemical shifts of the axial ligand resonances arising

from ring current shifts of the heme group.
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